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INSTRUMENTATION 


A  PRACTICAL  AWL'.CATIW  OF  ACCELEROMETER  CALIBRATIONS 


A.  R.  Bouche 
Endevco 

Dynamic  Instrument  Division 
Pasadena,  California 


Recent  advances  in  calibration  techniques  and  instrumentation  now  make  it  possible 
to  perform  complete  calibrations  on  accelerometers.  High  frequency  shakers  which 
are  virtually  free  of  distortion  and  transverse  motion  are  used  to  perform  cali¬ 
brations  depicting  the  true  performance  of  accelerometers.  A  recently  published 
standard  Is  most  useful  as  a  guideline  In  performing  calibrations.  This  standard 
describes  tdiich  calibrations  need  to  be  performed  and  how  to  use  the  results. 

The  sensitivity,  frequency  response,  and  resonance  frequency  are  the  most  impor¬ 
tant  calibrations. 

The  sensitivity  calibration  Is  performed  at  100  Hz  on  accelerometers  intended  for 
ordinary  use  in  shock  and  vibration  measurements.  However,  it  is  also  important 
to  obtain  a  continuous  plot  of  frequency  response  and  resonance  frequencies  to 
detect  any  undesirable  characteristics  and  unwanted  resonances  in  the  accelerom¬ 
eter.  Good  performance  Is  Indicated  by  a  calibration  which  demonstrates  that  the 
accelerometer  operates  as  a  single-degree-of -freedom  mechanics >  system.  Sane 
accelerometers  have  Irregular  frequency  response  characteristics  and  possess 
several  resonances.  By  performing  these  calibrations  the  accelerometers  with 
marginal  performance  are  detected  and  judgments  can  be  made  regarding  possible 
effects  when  making  shock  and  vibration  measurements. 

Another  use  of  resonance  frequency  calibrations  is  to  detect  damaged  accelerom¬ 
eters.  It  Is  practical  to  cull  out  these  accelerometers  before  any  serious 
problems  are  encountered  In  their  use. 


INTRODUCTION 

The  recently  published  American  National 
Standard  for  the  Selection  of  Calibrations  and 
Tests  for  Electrical  Transducers  Used  for  Meas¬ 
uring  Shock  and  Vibration,  S2. 11-1969  [l],  is 
useful  for  determining  which  calibrations  to 
perform  and  how  to  put  calibration  results  to 
practical  use-  Many  of  the  calibrations  and 
tests  specified  in  52. 1 1— 1 969"  are  used  to 
verify  the  performance  characteristics  of 
accelerometers.  Some  of  these  calibrations  and 
tests  are  performed  at  the  time  of  design  and 
manufacture  and  need  not  be  repeated  thereafter. 
Other  calibrations  should  be  performed  at  time 
Intervals  ranging  from  three  months  to  one 
year,  depending  upon  usage-  These  important 
calibrations  include  sensitivity,  frequency 
response,  and  resonance  frequency.  The  sensi¬ 
tivity  calibration  must  be  performed  in  order 
to  use  the  accelerometer  accurately.  The  fre¬ 
quency  response  calibration  is  useful  for 
detecting  unusual  performance  characteristics 
and  the  resonance  frequency  calibration  is  the 
most  accurate  means  for  determining  the  oper¬ 
ating  condition  of  accelerometers. 


SENSITIVITY  AND  FREQUENCY  R ESPOUSE 

Primary  accelerometer  standards  previously 
calibrated  by  the  reciprocity  method  and 
recently  deveioped  shakers  are  required  for 
performing  accurate  sensitivity  and  frequency 
response  cai ibrations  routinely.  With  these 
instruments  it  is  practical  to  detect  unusual 
performance  characteristics.  The  use  of 
inferior  accelerometer  standards  and  shakers 
makes  it  difficult  to  determine  vdrether  unusual 
results  are  a  characteristic  of  the  accelerom¬ 
eter  or  are  errors  caused  by  the  instruments  on 
which  the  calibration  is  being  performed. 

Accelerometer  Standard 

In  order  to  establish  the  performance 
characteristics  of  accelerometer  standards,  it 
is  necessary  to  perform  the  calibrations  and 
tests  listed  in  S2. 11-1969-  These  calibrations 
and  tests  determine  that  the  standard  will  per¬ 
form  accurately  under  aii  conditions  of  use- 
The  performance  characteristics  of  an  acceler¬ 
ometer  standard  now  in  use  in  many  laboratories 
are  listed  in  Table  I-  This  standard  is  used 
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TABLE  I 

SHOCK  AND  VIBRATION  STANDARD  EHOEVCtf®1  MODEL.  2270 


Performance  Characteristic 

Specification 

Sens! tivi ty  Error 

±0.5  per  cent 

Sensitivity  Stability  at  100  Hz 

±0.5  per  cent/year 

Hass  Effect  on  Sensitivity  at  100  Hz 

Frequency  Response  and  Relative  Notion 

±0.2  per  cent/100  grams 

Sensitivity  Change,  5  Hz  -  5000  Hz 
with  up  to  100  grams  attached  mass 

-2  per  cent* 

Sensitivity  Change,  5  Hz  -  10,000  Hz 
with  up  to  50  grams  attached  mass 

±i*  per  cent* 

Amplitude  Linearity  Sensitivity  Change 

±0.1  per  cent/1000  g 

Transverse  Sensitivity  Ratio 

±3  per  cent 

Temperature  Response  Charge  Sensitivity 

±0.5  per  cent/100  C 

Strain  Sensitivity 

0.001  g/p  In/In 

*£stimated  maximum  error  of  correction  made  from  curves  showing  nominal  response  Is 
il  per  cent. 


for  both  shock  motion  and  vibration  calibra¬ 
tions.  It  Is  necessary  for  an  accelerometer 
standard  to  have  low  strain  sensitivity  and 
certain  other  characteristics  In  order  to  per¬ 
form  accurate  calibrations  cn  the  standard  and 
demonstrate  that  the  sensitivity  of  the  stand¬ 
ard  remains  unchanged  for  long  periods  of  time 
[2].  These  high  quality  standards  are  cali¬ 
brated  by  the  reciprocity  method.  This  abso¬ 
lute  calibration  method  has  a  unique  advantage 
In  establishing  the  sensitivity  of  the  standard 
with  an  error  not  exceeding  ±0.5  per  cent. 

First  of  all  the  standard  must  possess  good 
performance  characteristics  to  make  small 
errors  achievable  and  the  reciprocity  method 
must  be  used  to  obtain  small  errors.  Conse¬ 
quently,  the  use  of  the  reciprocity  method 
helps  to  establish  that  the  standard  possesses 
good  performance  characteristics  and,  there¬ 
fore,  can  be  used  to  accurately  calibrate  other 
accelerometers. 

Sensitivity  Calibrations 

The  sensitivity  calibration  of  most  accel¬ 
erometers  is  usually  performed  at  100  Hz.  This 
calibration  is  very  important  because  it  is 
impossible  to  use  an  accelerometer  accurately 
without  it.  The  sens  1 1 ivi ty  cai ibra tion  is 
performed  routinely  at  periodic  intervals  as 
specified  in  52.11-1969*  The  calibration 
result  is  used  to  determine  the  required  gain 
setting  on  accessory  amplifiers  and  to  compute 
the  accelerations  being  measured  during  test 
applications.  The  sensitivity  calibration 
basically  serves  this  sole  purpose.  It  is  not 
very  useful  for  determining  other  characteris¬ 
tics  or  tne  operating  condition  of  accelerometers. 


Fig.  I  -  High  frequency  shaker  and  instrumen¬ 
tation  used  for  automatically  plottii 
the  frequency  response  and  resonance 
frequencies  of  accelerometers 


Shaker  Requ I  resents 

Almost  any  shaker  can  be  used  to  perfom 
accurate  sensitivity  calibrations  on  most 
accelercaeters  at  a  single  frequency.  However, 
It  Is  important  to  perform  a  frequency  response 
calibration  throughout  die  range  of  Intended 
use.  Accurate  frequency  response  calibrations 
can  only  be  performed  on  shakers  having  low 
acceleration  distortion,  and  little  transverse 
notion.  Fig.  I.  If  the  shaker  used  does  not 
have  these  characteristics,  It  Is  necessary  to 
previously  determine  the  frequencies  of  exces¬ 
sive  distortion  and  transverse  motions  and 
avoid  these  frequencies  during  the  calibration. 
Since  Improved  shakers  have  been  developed 
[3,  *»],  It  is  good  practice  to  avoid  the  use  of 
other  shakers.  The  use  of  good  shakers  Is 
necessary  to  determine  the  true  performance  of 
accelerometers  such  as  detecting  abnormalities 
in  frequency  response. 

Frequency  Response- Cal  I  brat  Ions 

Frequency  response  cal Ibratlons  serve  two 
useful  purposes.  One  Is  to  establish  the 
operating  frequency  range-  The  second  and  per¬ 
haps  more  Important  practical  use  of  frequency 
response  calibration  Is  to  determine  that  the 
accelerometer  is  free  from  abnormal  response. 
Does  the  accelerometer  have  erratic  response 
at  any  frequency  within  the  operating  range? 

This  question  Is  answered  through  the  use  of 
calibration  shakers  having  the  above  mentioned 
characteristics.  Normally,  the  frequency 
response  of  accelerometers  is  as  shown  in  Fig. 

2.  Host  of  the  accelerometers  calibrated  have 
the  characteristic  of  no  minor  resonances  and 
increasing  sensitivity  at  the  high  frequencies. 
However,  there  are  a  number  of  accelerometers 
which  have  responses  similar  to  those  given  in 
Fig.  3.  The  irregular  response  in  Fig.  3(a)  Is 
due  to  the  performance  characteristics  of  this 
particular  accelerometer.  The  minor  resonance 
at  7300  Hz  may  be  due  to  a  resonance  in  the 
accei erometer  case-  Another  accelerometer, 

Fig.  3(b),  has  a  minor  resonance  with  unusually 
high  sensitivity  between  8000  Hz  and  9**00  Hz. 
Fig.  3(c)  shows  an  erratic  frequency  response 
tdtich  sometimes  occurs  in  accelerometers  having 
very  small  size.  The  frequency  response  of  an 
accelerometer  having  damaged  mounting  threads 
Is  shoMi  In  Fig.  3(d).  These  results  are 
extreme  examples  of  certain  accelerometers. 

It  Is  important  to  know  that  the  frequency 
response  is  normal  throughout  most,  if  not  all, 
of  the  operating  frequency  range.  The  presence 
of  large  sensitivity  changes  In  narrow  frequency 
ds  might  be  overlooked  or  mistakenly  attri¬ 
buted  to  shaker  characteristics  if  the  calibra¬ 
tion  is  performed  on  shakers  having  excessive 
transverse  motion  or  acceleration  distortion, 
it  is  also  important  to  use  standards  having 
low  relative  motion  [5]  in  order  to  be  sure 
that  unusual  response  at  the  higher  frequencies 
Is  due  to  the  accelerometer  rather  than  being 
caused  by  excessive  calibration  error.  In  some 
test  applications  it  may  be  important  to  avoid 


Fig.  2  -  Frequency  response  calibration  per¬ 
formed  on  an  accelerometer  having  the 
characteristics  of  a  singie-degree- 
of -freedom  mechanical  system  with  no 
minor  resonances 

the  use  of  accelerometers  having  poor  frequency 
response  such  as  those  given  ir.  Fig.  3*  it  is 
easy  to  cull  out  these  accelerometers  when  per¬ 
forming  routine  frequency  response  calibrations. 
Abnormal  frequency  response  in  accelerometers 
may  be  due  to  interna!  damage,  interna!  lead 
wire  resonances,  connector  resonances,  accel¬ 
erometer  case  resonances,  cable  effects,  etc. 

RESONANCE  FREQUENCY  CALIBRATIONS 

Although  sensitivity  and  frequency  response 
calibrations  are  required  for  the  accurate  use 
of  accelerometers,  the  plot  of  resonance  fre¬ 
quencies  is  a  very  important  and  definitive 
calibration.  The  resonance  frequency  cai  Ibra- 
tion  is  the  only  method  for  evaluating  the 
basic  performance  characteristic  of  accelerom¬ 
eters  and  their  operating  condition.  The 
resonance  frequency  calibration  determines 
whether  or  not  the  accelerometer  operates  as  a 
single-degree-of-freedom  mechanical  system. 
Perhaps  even  more  important  is  its  use  for 
detecting  internal  damage,  in  order  to  per¬ 
form  resonance  frequency  calibrations  it  is 
necessary  to  use  a  high  frequency  shaker,  Fig. 

I,  in  which  the  resonance  frequencies  [1,  3J  of 
the  shaker  moving  element  exceeds  the  resonance 
frequencies  of  the  accelerometers  being  cali¬ 
brated.  The  resonance  frequency  of  most  accel¬ 
erometers  is  less  than  50.000  Hz.  However, 
some  accelerometers  used  for  shock  measurements 
have  their  resonance  frequency  above  100,000  Hz. 
Even  with  these  accelerometers  it  is  useful  to 
perform  resonance  frequency  calibrations  up  to 
50,000  Hz  to  detect  any  unusual  performance 
characteristics  at  lower  frequencies. 

Ideal  Accelerometers 

Many  accelerometers  now  being  used  operate 
as  the  ideal  accelerometer  shown  in  Fig.  k.  it 
has  a  single  resonance  and  few.  if  any,  minor 
resonances.  This  ideal  response  is  very  similar 
to  the  theoretical  response  given  in  ANSI  Stand- 
are  S2 - 2  — i 959  fh1.  It  is  good  practice  for  the 
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user  to  perform  resonance  frequency  calibrations 
an  accelerometers  to  establish  their  perform¬ 
ance  characteristics  arid  to  uetect  any  changes 
in  future  years.  This  practice  should  be  fol- 
I  wed  on  accelerometers  used  for  important  and 
accurate  measurements.  The  resonance  frequency 
calibration  should  be  repeated  tdien  there  Is 
evidence  that  the  accelerometer  was  subjected 
to  severe  environments  or  rough  handling. 

Although  there  may  be  no  external  indications, 
internal  damage  may  occur. 

Another  reason  for  performing  resonance 
frequency  calibration  Is  to  determine  If  the 
response  is  like  the  ideal  accelerometer.  The 
use  of  accelerometers  having  a  single  resonance. 
Fig.  A,  may  be  preferred  for  same  applications 
where  high  accuracy  and  reliability  ere  required. 
On  the  other  hand  accelerometers  having  multi¬ 
ple  resonances.  Fig.  5,  are  quite  suitable  for 
most  applications  and  are  used  because  of  other 
desirable  characteristics  such  as  special  size 
and  shape - 


Damaged  Accei eromater 

Although  It  is  difficult  to  damage  many 
piezoelectric  accelerometers,  the  desist  of 
some  accelerometers  makes  them  vulnerable  to 
extreme! y  high  shock  motions,  it  Is  possible 
to  apply  high  shock  motions  above  the  rated 
environmental  limit  by  rough  handling.  Reso¬ 
nance  frequency  calibration  Is  the  most 
accurate  method  for  determining  accelerometer 
damage.  Fig.  6(a)  and  6(b)  show  the  resonance 
frequency  calibrations  before  and  after  an 
accelerometer  was  subjected  to  excessive  shock 
motion.  The  resonance  frequency  of  the  accel¬ 
erometer  is  decreased  from  32,000  Hz  to  29,500 
Hz  and  a  minor  resonance  is  present  at  9000  Hz, 
Fig.  6(b).  The  decrease  in  resonance  frequency 
Is  a  definite  Indication  of  Internal  damage, 
it  Is  Interesting  to  note  that  this  Is  the  same 
accelerant  ter  used  during  the  frequency  response 
ccWbratlan  In  Fig.  3(b).  On  the  basis  of  the 
frequency  response  callbratiun  alone  the  minor 
resonance  at  9000  Hz  may  have  been  overlooked 
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Fig.  3  -  Frequency  response  calibrations  performed  on  accelerometers  having  unusual  characteristics 
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AilAUISWS 


(b) 

Fig.  4  -  Typical  resonance  frequency  calibra¬ 
tion  Indicates  performance  charac¬ 
teristics  of  an  Ideal  accelerometer. 
Phase  angle  calibration  provides 
supplemental  data  at  resonance 


Fig.  5  *  Calibration  of  an  accelerometer  having 
several  resonances 


fkobo  w 
(b) 

Fig.  6  -  Calibrations  performed  on  an  acceler¬ 
ometer  show  a  resonance  frequency  of 
(a)  32,000  Hz  before  damage  and  (b) 
29,500  Hz  after  damage 

because  the  response  is  acceptable  at  lower 
frequencies.  However,  the  resonance  frequency 
calibration  in  Fig.  6(b)  establishes  the  fact 
that  the  accelerometer  is  damaged  and  probably 
should  not  be  used  in  important  tests. 

It  Is  becoming  routine  to  perform  reso¬ 
nance  frequency  calibrations  as  supplemental 
information  during  shock  motion  calibrations 
to  detect  any  changes  in  the  operating  charac¬ 
teristics  of  the  accelerometers.  In  most 
accelerometers  no  malfunction  is  detected.  An 
exception  to  this  is  the  accelerometer  shown 
in  Fig.  7-  The  result  of  the  shock  motion 


again  is  •  definite  indication  of  internal 
damage. 

Failures  in  damaged  accelerometers  include 
such  things  as  cracked  piezoelectric  elements 
and  epoxy  joints,  plastic  deformation  in  screws, 
defaced  accelerometer  mounting  surface,  deformed 
accelerometer  case,  etc. 

Minor  Resonances 

Minor  resonances  detected  during  the  fre- 
quency  response  calibration  are  the  result  of 
resonances  in  lead  wires,  accelerometer  cases, 
etc.  These  resonances  in  some  accelerometers 
occur  at  frequencies  above  10,000  Hz  vdiich  is 
the  upper  I imi t  of  most  frequency  response 
calibrations.  The  accelerometer  in  Fig.  8(a) 
has  a  minor  resonance  at  37,000  Hz.  it  is 
known  that  this  is  a  minor  resonance  because 
the  phase  angle  changes  abruptly  to  100  degrees 
at  the  resonance  and  returns  to  zero  degrees 
above  the  resonance,  and  because  the  sensi¬ 
tivity  changes  only  20  db.  Although  this  accel¬ 
erometer  is  usually  used  for  shock  motion 
measurements,  the  presence  of  the  minor  reso¬ 
nance  should  have  little  effect  in  many  test 
applications.  However,  it  is  desirable  to  be 
aware  of  the  local  resonance  during  the  selec¬ 
tion  of  accelerometers  particularly  in  those 
instances  where  very  high  frequency  characteris¬ 
tics  are  measured  [7]>  The  calibration  in  Fig. 

9  shows  the  response  of  a  shock  accelerometer 
having  nc  ninor  resonances  up  to  50,000  Hz. 

Accelerometer  Effects  on  Structures 

It  is  desirable  to  have  resonance  fre¬ 
quency  data  on  accelerometers  vAiert  considering 
the  possible  effects  of  the  accelerometer  on 
the  motion  of  the  structure.  Neglecting  the 
effects  of  rotary  inertia,  the  motion  of  the 
sturcture  with  the  accelerometer  attached  is 
given  by  the  following  equation:  [l] 

Ao  Ms 

A  =  «s  +  Mt 

where:  A  =  amplitude  of  motion  of  the 

structure  with  accelerometer 
attached 


Fig.  7  -  Calibrations  performed  on  a  damaged 

accelerometer  show  (a)  normal  response 
during  1000  g  shock  motion  calibration 
and  (b)  unusually  low  resonance  fre¬ 
quency  which  indicates  the  accelerom¬ 
eter  has  internal  damage 

calibration,  Fig.  7(a),  is  perfectly  normal. 

No  unusual  response  is  present  in  the  oscillo¬ 
gram  and  the  shock  motion  sensitivity  agreed 
precisely  with  the  sinusoidal  calibration. 
However,  the  routine  resonance  frequency  cali¬ 
bration,  Fig.  7(b),  shows  multiple  resonances 
and  a  resonance  frequency  of  28,500  Hz.  The 
nominal  resonance  frequency  of  this  accelerom¬ 
eter  is  35,000  Hz.  The  low  resonance  frequency 


A0  =  amplitude  of  motion  without 
accelerometer  attached 

Ms  ■-  point  dynamic  mass  of  the 

structure  at  the  accelerometer 
mounting  location  In  the  sensi¬ 
tive  direction  of  the  acceler¬ 
ometer 

Mt  =  dynamic  mass  of  the  accelerom¬ 
eter  in  its  sensitive  direction 

The  dynamic  mass  of  the  accelerometer  at 
all  frequencies  below  the  lowest  resonance  is 
equal  to  the  total  mass  of  the  accelerometer 
measured  statically.  However,  It  should  be 
expected  that  the  dynamic  mass  of  the  accel- 
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(a) 


(b) 

Flq.  8  -  Calibration  of  shock  motion  acceler- 
one ter  having  a  minor  resonance 
beiow  50*000  Hz 


Flq.  9  -  Calibration  of  shock  motion  acceler 
ometer  hiring  no  resonances  below 
50,000  Hz 


erometer  changes  signif'cantiy  at  minor  reso¬ 
nances  particularly  If  the  response  has  a 
rather  Urge  sensitivity  change  at 
nance  [Si.  The  largest  changes  ^n  dynam^ 
mass  should  occur  at  the  SCC?  *r*,  u  To 
nance  frequency-  It  Is  usually  J'?  1  “lecture 
conoute  the  change  in  response  of  ihe  structure 

However f  -  reeeooeOle  pred.et.or.  f  ' 

can  be  obtained  through  the  use  of  the  above 
equation  by  knowing  the  resonance  0 

the  accelerometer  and  the  characteristics 
the  structure  being  tested. 

Accelerometers  With  Damping 

A  resonance  frequency  cal  'b^tSoo  oo  a 
piezoresistive  accelerometer  -,th  o.l  doping 
Is  shown  in  Fig.  10-  During  rranufacture  the 
damping  is  adjusted  to  approximately  0.7  of 
critical  damping  in  order  to  assure i  that  e 


Fiq.  10  -  Frequency  response  calibration  on  a 
piezoresistive  accelerometer  using 
Internal  damping  to  produce  pro- 
portionate  phase  response 


7 


accurately.  In  order  to  avoid  distortion  In 
the  accelerometer  output  it  is  necessary  for 
the-  phase  angle  to  vary  linearly  with  frequency 
i/iich  is  indicated  in  Fig.  iO  by  taking  into 
account  the  use  <(  the  logarithmic  frequency 
scale-  The  wavei  >rm  of  the  accelerometer  out* 
put  is  identical  to  the  waveform  of  the  meas* 
ured  acceleration  oniv  when  the  phase  angle 
response  has  this  characteristic  or  is  zero 
degrees  as  in  the  case  of  undamped  acceleran* 
eters.  The  accelerometer  is  selected  so  that 
prooort ionate  phase  response  is  maintained  at 
ali  significant  frequency  components  of  the 
motion  to  be  measured.  This  usually  require:, 
that  the  proportionate  phase  response  be  main¬ 
tained  at  frequencies  up  to  about  two-thirds 
of  the  natural  frequency  for  damped  accelerom¬ 
eters.  Damped  accelerometers  are  preferred  In 
applications  where  it  Is  desirable  to  filter 
out  frequencies  present  near  and  above  the 
natural  frequency  or  resonance  frequency  of  the 
accelerometer.  However,  If  the  damping  changes 
significantly  for  any  reason,  the  output  will 
be  distorted  tdien  the  damping  exceeds  the 
range  of  about  0.5  to  0.85  of  critical  damping. 
Large  changes  in  damping  can  occur  at  tempera¬ 
ture  extremes  due  to  viscosity  changes  in 
oil  damped  accelerometers,  it  Is  important 
that  no  large  changes  in  damping  occur  for 
unknown  reasons,  such  as  might  be  caused  by 
damage  or  air  leaks-  Resonance  frequency 
calibrations  performed  periodically  should  be 
useful  for  detecting  changes  in  damping  by 
comparing  the  response  to  that  of  an  ideal 
accelerometer  [6]. 

SUHHARY 

With  the  introduction  of  new  testing  pro¬ 
cedures  using  primary  accelerometer  standards 
and  high  frequency  shakers,  routine  resonance 
frequency  calibrations  are  performed  in  addi¬ 
tion  to  sensitivity  and  frequency  response 
calibrations.  The  sensitivity  is  obtained 
merely  to  determine  the  calibration  factor  for 
using  the  accelerometer  in  making  shock  and 
vibration  measurements.  The  frequency  response 
calibration  determines  the  operating  frequency 
range, and  is  useful  for  evaluating  certain  per¬ 
formance  characteristics. 
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The  resonance  frequency  calibration  is 
used  to  determine  how  closely  the  accelerometer 
operates  as  a  single-degree-of-f reedom  system. 
It  also  identifies  minor  resonances  which  may 
affect  the  accuracy  while  making  shock  and 
vibration  measurements  at  high  frequencies.  A 
very  important  use  of  the  resonance  frequency 
calibration  is  to  detect  changes  in  the  accel¬ 
erometer's  operating  condition  and  determine 
whether  or  not  the  accelerometer  has  suffered 
any  internal  damp  ,e.  Resonance  frequency 
caiiorations  should  be  used  in  laboratories 
responsible  for  verifying  the  operating  condi¬ 
tion  of  measuring  instruments. 


8 


DISCUSSION 


Mr.  8cheil  (Shock  and  Vibration  information 
Center):  I  noticed  on  a  curve  that  the  resonant  fre¬ 
quency  had  shifted  from  about  35  down  to  28  KHz. , 
yet  the  calibration  curve  still  looked  pretty  good. 

Is  this  still  a  useful  accelerometer  or  is  it  damaged 
beyond  use  ? 


Mr.  Bouche:  It  is  still  a  very  useful  acceler¬ 
ometer,  However,  it  is  desirable  to  be  aware  of 
this  situation  since  once  an  accelerometer  Is  dam¬ 
aged;  it  can  be  further  damaged  more  easily.  It 
might  have,  for  example,  cracked  ceramics  Inside 
the  accelerometer.  If  you  are  aware  that  you  have  a 
damaged  accelerometer,  for  important  tests  you 
might  set  that  one  aside.  However,  as  long  as  it  is 


not  damaged  further  it  will  operate  just  as  indicated 
by  that  response  curve. 

Air.  Pgete  (Naval  Undersea  K  and  D  Center): 
After  first  determining  the  resonant  frequency  re¬ 
sponse  of  a  given  accelerometer  dynamically  under 
shock,  does  the  effect  of  the  sweep  rate  when  ap¬ 
plying  a  vibratory  input  signal  cause  any  variation 
on  the  sensitivity  when  determining  the  resonant  fre¬ 
quency  under  vibration? 

Mr.  Bouche:  I  think  that  you  are  asking  whether 
the  magnification  factor  might  be  affected  by  the 
rate  of  sweep  when  measuring  the  resonant  fre¬ 
quency.  It  is.  Frequently,  when  going  up  to  10  or 
15  KHz,  we  slow  down  the  sweep  speed  as  we  ap¬ 
proach  resonance. 
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DESIGNING  AM  INSTRUMENTED  TEST  EGG  FOR  DETECTING  IMPACT  BREAKAGE 


William  L.  Shupe 
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and 
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USOA,  Agricultural  Research  Service,  Transportation  &  Facilities  Research  Dlv. 
University  of  California,  Davis,  California 
present  addresa 

Mayo  Clinic,  Rochester,  Minnesota 


An  electronic  shock  sensing  device  for  detecting  areas  of  egg  breakage  occurring 
in  coaawrclal  grading  an f  packing  equipment  was  designed,  constructed,  and 
laboratory  tested.  A  small  accelerometer  and  transmitter  system  was  built  into 
a  plastic  egg-shaped  container.  The  signal  generated  by  the  accelerometer 
«  'used  by  any  sudden  impact  encountered  was  recorded  on  the  screen  of  an  oscillo- 
S  >pe.  The  image  was  a  sharp  apike  that  was  readily  measured,  aa  to  severity, 
ot  the  screen's  grid.  The  height  from  which  a  normal  egg  can  be  dropped  onto  a 
ha,  1  surface  without  cracking  was  measured.  Then  the  "spike”  that  appeared  on  the 
osc. llnscope  screen,  when  the  test  egg  waa  submitted  to  the  same  treatment,  was 
meast .ed  and  identified  as  the  peak,  at  or  beyond  which  a  normal  egg  will  crack. 
The  test  egg  was  then  run  through  a  component  of  a  mechanized  egg  grading  system 
and  the  image  of  the  impact  signal  on  the  oscilloscope  screen  was  identified 
and  photographed.  Although  difficulty  was  encountered  in  precise  replication  of 
the  image  signals,  the  location  of  points  where  various  degrees  of  shock  occurred 
could  be  readily  identified.  The  laboratory  testa  indicate  that  this  method  is 
a  feasible  one  for  detecting  impacts  invdv’.ng  egg-against-egg  or  egg-agalnat- 
aqulpment  collisions  that  cause  egg  breakage  in  commercial  egg  grading  and  packing 
ope  rat Iona  that  employ  high-speed  mecfcsr ized  equipment. 


SUMMARY  BACKGROUND 


A  miniaturized  accelerometer  and  radio 
transmitter  system  that  senses  shock  (impact) 
forcea  and  transmit 3  the  information  as  an 
electric  signal  to  an  oscilloscope  screen 
was  constructed  and  sealed  into  a  plastic 
container  having  the  shape  and  size  of  a  hen 
egg.  The  force  range  necessary  to  crack  an 
average  egg  waa  determined  by  tests  snd 
replicated  with  the  instruc minted  plastic  egg. 
The  Intensity  of  the  electric  signal ,  pictured 
as  a  spike-like  image  on  the  oscilloscope,  was 
equated  to  the  impact  force  necessary  to  cause 
egg  breakage.  The  test  egg  was  then  run 
several  times  through  a  component  of  a  commer¬ 
cial  egg  grading  and  packing  line.  During 
each  pass  through  the  machine,  shock  peaks 
appearing  on  the  oscilloscope  screen  occurred 
at  identical  intervals,  validating  previous 
signals  and  identifying  areas  of  mistreatment 
by  the  machine  to  the  egg.  Test  results 
indicate  that  the  miniature  sensing  device 
will  be  useful  in  pinpointing  machine  design 
features  that  cause  egg  breakage, 


During  1968,  the  United  States  poultry 
industry  produced  approximately  5.8  billion 
d'.  zen  hen  eggs  (1).  Various  mechanized 
systems  were  used  to  grade  and  pack  most  of 
these  eggs  and.  In  the  process,  a  consider¬ 
able  number  of  eggs  were  cracked  or  smashed. 
Breakage  was  estimated  to  range  from  3  per¬ 
cent  to  10  percent.  Assuming  that  the 
breakage  between  the  time  of  gathering  the 
eggs  and  packaging  averaged  5  percent,  the 
loss  to  the  poultry  industry  amounted  to 
approximately  $34  million  during  1S68.  The 
£34  million  loss  is  based  on  a  complete  loss 
of  28  million  dozen  smashed  eggs  valued  at 
30c  per  dozen  and  260  million  dozen  checked 
eggs  decreased  in  value  by  10c  per  dozen. 
Although  an  undetermine-'  aracunt  of  this  loss 
was  caused  by  poor  shell  quality,  preliminary 
studies  show  that  much  of  the  breakage  was 
caused  by  machine  handling,  regardless  of 
shell  condition. 
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Paved  on  tliesc-  findings ,  research  wu 
initiated  Co  develop  sensing  equipment 
designed  to  oeaaure  the  shocks  (impact  forces 
of  egg-against-egg  and  egg-agaircst-equlpment) 
to  which  an  egg  is  subjected  during  mechanised 
grading  arid  packing. 


MATERIALS  AND  METHODS 

A  search  of  literature  on  the  subject  of 
the  telemetrv  svsceias  iound  chat  Deboo  aud 
Fryer  l.ad  developed  a  small  biopotential 
transmission  system  (2)  and  Harrison  had 
developed  a  triaxial  accelerometer  and  trans- 
miccer  svstem  (3),  which,  although  too  large 
to  fit  in  an  egg-size  package,  appeared  to  be 
similar  to  the  needs  of  this  study.  A  minia¬ 
ture  impact  (acceleration)  sensing  and  Crana- 
mitting  device  was  then  developed  that  could 
accurately  measure  shocks  to  which  sn  egg 
was  subjected  as  it  moved  through  mechanised 
egg  grading  and  packing  equipment.  An  acrylic 
plastic  material  was  machined  to  simulate  the 
surface  shape  of  a  hen  egg  with  a  cavity 
machined  inside  within  which  to  mount  the 
accelerometer  and  transmitter  system. 

During  the  development  phases  several 
methods  of  assembly  were  tried.  First,  the 
accelerometer  was  mounted  in  wax  (inside  a 
polyvinylchloride  (FVC)  agg)  (4)  and  wired 
directly  to  an  oscilloscope  for  indication 
of  voltage  output  from  impact.  Several 
initial  measurements  were  made  with  this  type 
of  assembly.  The  next  assembly  and  packaging 
arrangement  included  a  reed  magnetic  switch 
(single  pole,  double-throw  switch  hermetically 
sealed  in  glaaa)  to  permit  turning  off  the 
transmitter  without  disassembly.  The  wiring 
arrangement  waa  so  designed  that  the  switch, 
upon  reaching  the  proximity  of  a  permanent 
magnet;  would  open  the  circuit.  The  switch, 
although  moceratlv  successful,  proved  to  be 
too  expensive  and  fragile.  Next,  plaster  of 
Paris  was  molded  inside  the  egg-shaped  package, 
then  a  space  was  hollowed  out  and  the  acceler¬ 
ometer  glued  in  place.  All  cf  these  types 
of  assemblies  were  discarded  because  of  the 
difficulty  in  disassembly  for  maintenance. 

In  the  final  effort,  an  acrylic  rod  was 
machined  into  the  shape  of  an  egg,  shown  in 
Fig.  1.  The  top  or  large  end  of  the  acrylic 
egg  was  cut  off  and  threaded  for  easy  removal. 
The  transmitters  were  mounted  (glued)  on  a 
1/16  inch  circular  piece  of  sheet  acrylic. 

The  accelerometer  was  glued  Into  the  lower 
cavity  with  its  leads  coiled  loosely.  The 
removable  top  permitted  ready  access  to  the 
cavity  within  for  installation  of  the  trans¬ 
mitter,  removal  of  the  battery,  or  adjustment 
of  components.  After  all  of  the  parts  were 
in  place,  the  cap  was  screwed  on  and  the 
instrumented,  waterproof,  egg-shaped  shock 
sensor  package  was  readv  for  testing,  show  in 
Fig.  2. 


Fig.  1  -  Egg-shaped  container  with  threaded 
cap  removed  to  permit  access  to 
miniaturized  components 


Fig.  2  -  Instrunented  egg-shaped  package 
next  to  a  normal  hen  egg 
(extra  large  size) 


The  shock  measurement  device  used  in  the 
instrumented  egg  waa  a  miniaturized  single 
axis  accelerometer.  The  technique  selected 
to  measure  impulsive  shock  was  a  piezo¬ 
electric  voltage  generated  when  a  crystal 
such  as  quartz  or  barium  titantate  was  dis¬ 
torted  by  application  of  an  external  force. 

The  accelerometer  contains  a  crystal  and  an 
inert  mass  mounted  on  the  crystal.  Any  motion 
of  the  accelerometer  causes  the  crystal  to 
oppose  the  inertia  of  the  mass.  Thus,  the 
crystal  distorts  or  bends,  producing  an 
electrical  signal.  The  signal  can  be  related 
directly  to  the  distortion  of  the  crystal  and 
the  movement  of  the  container  In  which  it  is 
mounted.  The  accelerometer,  though  small, 
proved  extremely  sensitive. 
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TRANSMITTER  DESITU 


The  characteristics  of  a  piezoelectric 
accelerometer  that  made  the  design  of  a 
reliable  transmitter  difficult  were  the 
extremely  high  output  impedance  and  the  very 
low  power  output.  Theae  characterlatice 
made  a  conventional  amplifier  circuit  useleas. 

The  design  of  the  transmitter  was 
limited  by  the  sire  of  the  package  enclosing 
it  and  by  the  available  power  supply.  The 
size  limitation  in  turn  limited  the  number 
of  components  that  could  be  used  and  the 
pownr  supply  (the  battery)  limited  the 
smxlaua  peak-to-peak  input  voltage. 

The  transmitter,  shown  in  Fig.  3,  was 
designed  basically  as  an  emitter-follower 
preamplifier  and  a  voltage-controlled 
frequency  modulator. 


The  translators  Q1  and  Q2  made  up  the 
preamplifier  and  Q3  made  up  the  modulator 
stage-  The  power  supply  was  a  mercury-cell 
battery.  The  source  of  the  signal  waa  the 
piezoelectric  accelerometer,  described  above, 
with  a  sensitivity  of  3  millivolts  per  g 
(where  1  g  la  the  acceleration  of  gravity  » 

32  ft. /sec.).  The  number  and  the  availability 
of  micro-miniature  components  allowed  the 
transmitter,  including  the  battery,  to  be 
packaged  in  a  plastic  matrix  0.5  in.  x  0.5  in, 
x  0.3  in. 

The  particular  arrangement  of  transistors 
Q1  and  Q2  in  the  preamplifier  was  in  a  super 
alpha  NPK/FTiP  pair  (5)  where  advantages  of 
high  input  impedance  and  power  amplification 
were  used. 


CAPACITORS 

C  I  -  680  pf 
C2  —  Z2ui 
C3  —  68  pf 
C4  —  1 0  pf 
C5-47  pf 
C6-.068iif 


LEGEND 

RESISTORS  TRANSISTORS 


Rl-  5  6M 
R2-  18  M 
R3-4.7M 
R  4  —  1 0  K 
R5-5.6M 
R6-27  K 
R  7-390 


01  — D-26E5GE 
Q2  — NSC-6201 
03  -  0-26  61  GE 

L  — THREE  TURNS 
N0.-2B  WIRE 


Fig.  3  -  Diagram  of  transmitter  circuit 
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The  frequency  modulating  (FX)  stage  of 
transmitter  was  a  Col  pitta  oscillator  tuned 
to  a  carrier  frequency  in  the  standard  FM 
broadcast  band.  This  carrier  frequency  waa 
modulated  by  applying  a  signal  at  Che  base 
of  transistor  Q3.  The  maxlmm  power  output 
of  the  unit  was  5.4  milliwatts  under  ideal 
conditions  for  a  transmission  distance  of 
25  to  30  feet. 


BREAKAGE  TESTS 

Upon  completing  the  construction  of  the 
instrumented  egg-shaped  package,  drop  tests 
(impulsive  shock)  were  conducted  to  determine 
a  range  of  values  within  which  the  shell  of 
a  normal  egg  (weighing  approximately  as  such 
ss  the  Instrumented  package)  would  fracture. 

A  pendulum,  with  a  cradle  attached  to  the 
free  end  for  the  support  of  an  egg  (or  the 
instrumented  package),  was  suspended  In  front 
of  a  scale  graduated  in  2°  intervals  of  arc 
to  the  left  of  a  vertical  1 lne  aa  shown  in 
Fig.  4. 


Fig.  4  -  Drop  test  equipment  showing  egg  in 
pendulum  cradle  touching  impact 
block  (A) 

A  steel  Impact  block  (In  Fig.  4)  was 
fixed  in  place  at  the  point  where  the  shell 
of  a  test  egg  would  make  contact  when 
reaching  the  bottom  of  the  pendulum  arc. 
Thus,  when  an  egg  was  placed  in  the  cradle, 


drawn  back  and  released,  the  angle  at  which 
breakage  occurred  could  be  determined. 

Breakage  (cracked  shell)  was  determined  by 
the  sound  produced  at  impact  and  confirmed 
by  examination  before  a  candling  light. 

When  a  clear  ball-like  sound  was  noted,  the 
•hell  waa  assumed  to  be  unbroken,  when  the 
impact  r faulted  In  a  dull  "cl o..V"  sound,  the 
egg  waa  assumed  to  be  cracked. 

An  accurate  measurement  of  the  pendulum 
length,  shown  in  Fig.  S,  and  angle  of  drop  was 
used  to  determine  the  height  of  vertical  drop. 


I 


X-jUl-COS*) 

Fig.  5  -  Relationship  of  pendulum  length  (£), 
angle  (S) ,  and  vertical  drop  (X) 


The  first  part  of  the  teat  Involved  the 
use  of  egga  (extra  large  sire,  grade  A)  that 
had  been  carefully  candled  to  exclude  checks 
and  shell  abnormalities. 

A  test  of  90  eggs  showed  that  variations 
in  the  shell  caused  eggs  to  crack  at  various 
levels  of  Impact  force.  The  range  at  which 
breakage  occurred  was  within  a  range  of  8° 
(equivalent  to  a  drop  of  0.2  inch)  and  12° 
(equivalent  to  a  drop  of  0.5  Inch), 
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The  second  pert  of  the  pendulum  drop 
test  involved  the  use  of  the  instwunred 
egg  in  lieu  of  hen  eggs.  The  aignel  produced 
by  the  instrmented  egg  st  tine  of  impact  wi 
transmitted  tc  s  receiver.  The  radio 
frequency  of  98  mega-Harts  (NHs)  was  nodulated 
by  the  receiver  to  a  wave  form  which  was 
recorded  directly  on  an  oscilloscope  screen 
and  photographed ,  shown  In  Fig.  6, 


HUNDREDTH  BECOMES 

Fig.  6  *  Typical  shock  curve  froai 

oscilloscope  calibration  testa 


Froai  the  oscilloscope  record,  the  asxi- 
■a  aaplltude  of  the  signal  wea  assumed  to 
correspond  to  the  point  at  which  egga  break. 
However,  precise  replication  of  the  wave  fora 
was  difficult,  probably  because  of  variations 
In  the  point  of  impact  aa  related  to  the 
angle  of  the  accelerometer  axis. 

A  practical  application  of  the  teat 
Involved  the  use  of  a  mechanized  egg  conveyor, 
aa  shown  In  Fig.  7,  with  a  motor  driven  belt 
with  arms  to  move  the  egg  over  a  path  which 
had  some  drops  In  It  large  enough  to  break 
an  egg. 

The  machine  was  started  and  the  instru- 
mented  egg  placed  on  the  conveyor  belt.  As 
the  egg  was  moved  along,  a  sharp  spike 
similar  to  that  shown  In  Fig.  8  was  noted  on 
the  oscilloscope  screen. 


Fig.  7  *  Laboratory  mechanical  egg  conveyor 


Q 


c> 


Fig.  8  *  Photograph  of  three  oscilloscope 
traces  (recording  fron  the  same 
starting  point  in  the  equipment) 
show  replication  of  critical 
shock  peaks 


By  observing  the  position  of  the  egg 
and  when  the  impact  aignal  was  greatest 
(peak  on  splke-like  images),  the  critical 
impact  areas  were  easily  detected.  Replica¬ 
tion  showed  similar  traces  with  vertical  peaks 
coinciding  with  locations  in  equipment  where 
a  vertical  drop  of  1/2  inch  occurred. 
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CONCLUSION 

Placing  a  miniaturized  accelerometer 
and  radio  transmitter  system  into  an  egg-* ize 
package  to  detect  breakage-causing  situations 
in  mechanized  egg  Handling  systems  and 
receiving  snd  recording  the  shock  info  mat  ion 
(the  wave  fora)  on  a  remote  oscilloscope  was 
proven  to  be  feasible.  However,  there  sre 
equipment  factors,  such  as,  transmitter  design 
and  consistency  in  signal  replication  that 
require  further  study.  It  should  also  be 
noted  that  detection  was  limited  to  impact- 
type  shock  in  one  direction.  Further,  this 
study  limited  test  situations  to  shock 
equivalents  experienced  by  an  egg  striking 
against  non resilient  surfaces  at  a  point 
on  its  small  diameter.  With  this  impact 
detecting  device,  only  limited  breakage- 
causing  situations  can  be  observed  during 
handling  snd  use  of  processing  equipment. 
Experimentation  with  and  modification  of  the 
test  equipment  is  necessary  to  detect  impact 
shocks  caused  by  glancing  blows,  impact 
shocks  involving  resilient  surfaces,  and 
impact  shocks  on  the  long  diameter  of  the 
shell.  Other  techniques  will  have  to  be 
developed  for  detecting  breakage  caused  by 
compression  (crushing)  or  expansion  (thoough 


heating)  that  alto  contribute  significantly 
to  egg  breakage  in  mechanized  egg  handling 
system*. 
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DISCUSSION 


Mr.  Remus  (Army  Tank-Automotive  Command): 
We  re  you  able  to  locafe  any  areas  In  your  machine 
handling  that  you  were  able  to  improve  aa  a  result  of 
this  test? 

Mr.  Shupe:  We  have  not  yet.  We  have  not 
gotten  to  that  point.  We  have  found  three  particular 
areas  that  are  problems. 

Mr.  llenius:  You  are  still  working  on  that? 


Mr.  Shupe:  Most  of  the  problems  that  we  en¬ 
counter  arc  in  the  areas  where  the  egg  is  moved. 


Those  are  the  ix>ints  where  they  get  the  most  rough 
handling. 

Mr.  Luebke  (C  and  O  Railroad):  Could  you  use 
similar  techniques  to  develop  vibration  and  shock 
data  on  other  food  stuff  being  moved  cither  in  trucks 
or  railroad  cars? 

Mr.  Shupe:  1  would  thins  this  technique  would 
be  applicable  to  transportation  and  handling  of  any 
commodities.  The  problem  is  the  transmission  of 
the  signal.  I  am  sure  it  can  l)e  developed  if  we  used 
integrated  components  and  get  parts  that  are  small 
enough.  It  would  be  well  within  the  range  of  possi¬ 
bility. 
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AH  ACCLEROMETER  DESIGN  USING 
FERROFLUID  ULTRASONIC  INTERFEROMETRY 


Jack  G.  Parks 

U.  S.  Army  Tank-Autowotive  Command 
Warren,  Michigan 


An  accelerometer  design  is  described  which  incorporates  the 
principles  of  ultrasonic  interferometry  and  ferrofluid  dynamics^ 
The  chamber  of  a  two  transducer  ultrasonic  interferometer  con- 

2  ins  two  immiscible  liquids;  one  of  the  liquids  being  a  fluid 
ich  responds  to  a  magnetic  field  gradient  (i.e,,  a  ferro- 
fluid).  The  interferometer  is  operated  at  a  constant  frequency 
which  is  slightly  different  than  the  resonant  frequency  caused 
by  reflections  from  the  liquid-liquid  interface.  Motion  of  the 
chamber  disturbs  the  interface  and  the  consequent  variation  in 
acoustical  path  length  provides  an  output  signal  variation. 
Duping  is  acconplished  using  a  magnetic  field  to  modify  the 
motion  of  the  ferrofluid.  System  variations  due  to  liquid 
selection,  magnetic  field  intensities,  and  operating  parameters 
axe  discussed.  j 


INTRODUCTION 

For  several  years  research  has 
been  conducted  at  the  U.  S.  Army  Tank- 
Automotive  Command  Laboratories  on 
liquids  using  ultrasonic  techniques. 

In  addition  to  this  effort,  the  appli¬ 
cation  of  ferromagnetic  fluids  to 
automotive  purposes  has  recently  been 
initiated.  These  programs  have  con¬ 
tributed  to  the  design  of  a  sensitive 
accelerometer  which  may  have  engi¬ 
neering  applications. 

The  present  paper  describes  an 
ultrasonic  interferometer  which  con¬ 
tains  a  ferrofluid  and  a  secondary 
immiscible  liquid  as  the  intra-trans¬ 
ducer  medium.  The  response  of  the 
system  to  mechanical  vibration  is 
described  as  a  function  of  physical 
parameters  and  electronic  conditions. 

ULTRASONIC  INTERFEROMETER 

The  standard  ultrasonic  inter¬ 
ferometer  consists  of  a  source  of 
longitudinal  sound  waves  (normally  a 
piezeolectric  crystal)  mounted  at  one 


end  of  a  fluid  column  and  a  flat 
metallic  reflector  at  the  other  end. 

By  suitable  use  of  electronic  circuits, 
one  may  observe  the  variation  of  cir¬ 
cuit  parameters  as  the  standing  wave 
pattern  within  the  chamber  is  altered. 
This  pattern  is  created  by  the  inter¬ 
action  of  the  sound  wave  produced  by 
the  transducer  and  the  wave  reflected 
by  the  fiat  plate.  Pattern  changes 
can  be  affected  by  either  moving  the 
reflector  along  the  principle  axis  of 
the  chamber  or  by  varying  the  frequency 
at  which  the  transducer  oscillates;  in 
both  cases  the  ratio  of  p  ,th  length  to 
wave  length  in  the  fluid  is  changed. 

The  movable  plate,  single  crystal 
interferometer  was  first  constructed 
and  analyzed  by  Pierce  [l] .  It  was 
used  for  the  determination  of  velocity 
and  attenuation  of  sound  waves  in  gases. 
The  application  of  this  device  to 
liquids  was  accomplished  by  McMillan 
and  Lagercann  [2] .  Increased  sensi¬ 
tivity,  especially  in  the  prosense  of 
fluids  with  large  absorption  coeffi¬ 
cients  ,  can  bo  obtained  by  replacing 
the  reflecting  plate  by  a  second 
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crystal,  identical  to  the  transmitting 
crystal.  Changes  are  then  detected  in 
the  circuit  associated  with  the  second 
transducer.  The  two-crystal  inter¬ 
ferometer  was  first  analyzed  by  FryfsJ. 

FERROFLUIDS 

A  ferromagnetic  fluid  (or  fervo- 
fluid)  is  a  colloidal  suspension  of 
submicron-sized  ferrite  particles  in  a 
carrier  fluid  such  as  kerosene,  with  a 
dispersing  agent  added  to  prevent  floc¬ 
culation.  When  a  magnetic  field  is 
applied  to  such  a  fluid,  a  body  force 
is  developed  within  it  which  is  suf¬ 
ficient  to  change  radically  its  gross 
behavior  without  altering  its  fluid 
characteristics.  It  is  thus  utterly 
unlike  a  magnetic  clutch  fluid,  whose 
particles  chair,  together  and  solidify 
under  applied  fields. 

By  carefully  arranging  the  con¬ 
ditions  under  which  a  ferrofluid  is 
exposed  to  a  magnetic  field,  such  a 
fluid  can  have  its  internal  pressure 
augmented,  its  velocity  increased,  or 
its  free  surface  elevated.  These 
phenomena,  and  others  lead  to  a  variety 
of  novel  application,  one  of  which  is 
presented  in  this  paper. 

Experience  with  ordinary  colloids 
teaches  that  particles  that  are  suf¬ 
ficiently  fine  can  be  suspended  indefi¬ 
nitely  in  a  liquid  even  though  the 
particles  specific  gravity  differs 
greatly  from  that  of  the  liquid.  The 
T.h«t  ....  K  t  o  tills  £  OSoxl  lfc.  is 
Brownian  motion.  Should  the  particles 
be  magnetic;  however,  there  is  an 
energy  of  attraction  to  be  overcome  if 
they  are  not  to  flocculate  and  then 
settle.  Although  calculations  made  on 
colloidal  phenomena  often  suffer  from 
considerable  uncertainty,  it, is  none 
th"  "  ■while  tu  to  sketch 

a  rough  picture. 

To  begin  with,  the  magnetic  energy 
of  uniformity  magnetized,  tangent 
spheres  is  proportional  to  the  square 
of  the  magnetization  and  to  the  cube  of 
the  particle  radius.  Thus,  by  making 
the  particles  very  small  the  magnetic 
flocculating  effect  can  be  reduced. 

At  some  size,  then,  thermal  agitation 
alone  should  prevent  flocculation  pro¬ 
vided  that  the  magnetic  energy  is  less 
than  the  thermal  energy  kT  (where  k  is 


the  Boltzmann  constant,  and  T  is  the 
absolute  temperature) .  Computation 
indicates"  that  particles  25-100  ang¬ 
stroms  in  diameter  should  be  stable  on 
this  basis,  for  the  range  of  Magnetic 
materials  available.  Calculations  of 
the  sedimentation  equilibrium  for  par¬ 
ticles  of  this  sire  show  also  that  even 
a  magnetic  force  field  cannot  separate 
the  particles  from  the  fluid.  Such  a 
field  can;  however,  create  a  particle 
density  gradient. 

However,  we  have  to  face  another 
factor  that  looms  in  the  realm  of  par¬ 
ticles  as  small  as  those  in  ferrofluids. 
This  is  the  attractive  van  der  Waal* 
force,  whose  origin  is  the  attraction 
of  a  flocculating  electric  dipole  for 
a  neighboring  induced  dipole.  Accord¬ 
ing  to  theory,  the  energy  for  two 
distant  particles  is  proportional  to 
the  inverse  sixth  power  of  distance. 

For  equal-sized  spheres,  this  attrac¬ 
tive  energy  equals  the  thermal  energy 
kT  when  the  two  surfaces  are  about  one 
sphere  radius  apart  -  a  result  which 
is  valid  for  any  size  sphere.  As  the 
spheres  approach  each  other  closer  them 
this,  the  attractive  energy  increases 
rapidly.  Hence,  to  avoid  flocculation, 
it  becomes  essential  to  prevent  such 
close  approach  of  the  particles. 

It  turns  out  that  the  necessary 
separation  can  be  achieved  by  coating 
each  particle,  during  its  manufacture, 
with  a  dispersing  agent  (such  as  oleic 
acid)  which  provides  an  elastic  sheath 

«rwa„i  did,  Tuc  .12^  .1  Die 

typical  particle  made  in  this  manner  is 
100  £  and  is  somewhat  less  than  the 
dimensions  of  a  single  magnetic  domain. 
The  dispersing  agent  can  be  visualized 
as  a  monomolecular  layer  absorbed  on 
the  surface  of  each  particle.  When  two 
particles  approach  each  other,  com- 

ul  ■cht  eoKtii.-g  (viiiri,  is  rVjcuA 
20  X  in  the  case  of  oleic  acid)  pro¬ 
vides  an  elastic  repulsion  to  oppose 
the  attractive  force  that  would  other¬ 
wise  cause  flocculation. 

The  resulting  colloidal  mixtures 
are  found  to  behave,  when  they  flow, 
like  true  homogeneous  fluids.-  But  they 
have  the  extra  characteristic  of  a  high 
susceptibility  to  magnetic  fields.  The 
magnetic  force  on  these  fluids  origi¬ 
nates  within  the  particles  whose  par¬ 
ticle  number  ration  is  or. 
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the  order  of  10,T  per  cm  .  Since 
theee  particles  are  »ub-domain  in  else, 
each  is  an  individual  permanent  aegnet. 
Older  the  influence  of  a  uniform  mag¬ 
netic  field,  the  particles  experience 
a  torque  and  line  up  «ith  the  field. 

But  when  there  is,  in  addition,  a 
gradient  of  the  maonocic  field,  the 
particles  experience  a  force  and  at¬ 
tempt  to  slip  through  the  fluid.  This, 
in  turn,  transmits  drag  to  the  fluid, 
causing  the  dispersion  to  move  as  a 
whole. 

EXPERIMENTAL  DEVICE 


A  schematic  of  the  bifluid  ultra¬ 
sonic  interferometer  is  shown  in  Figure 
1.  In  operation  a  high  frequency  sig¬ 
nal  is  applied  to  an  ultrasonic  trans¬ 
ducer  ( 1)  that  is  an  integral  part  of 
a  chamber  containing  two  immiscible 
fluids.  The  first  fluid  (2>  is  any 
liquid  which  is  chemically  pure,  does 
not  react  with  liquid  (3)  or  the  walls 
of  the  chamber,  and  possesses  low  -  - 
attenuation  for  the  ultrasonic  waves 
being  generated  by  transducer  (1) . 
Liquid  (3)  is  a  ferrofluid  which  is  in 
contact  with  the  top  of  the  chamber. 

The  sound  wave  generated  by  trans-' 
dueer  (1)  propagates  through  liquids 
(2)  and  (3)  and  is  rtseived  by  trans¬ 
ducer  (4).  The  rectified  output  of 
this  last  transducer  Stay  ba  considered 
as  the  output  signal  of  the  device! 


The  ferrofluid  used  in  this 
experiment  employed  kerosene  as  a 
carrier  liquid  and  possessed  a  mea¬ 
sured  permeability  of  3.59  X  10-^ 
newtons  amp  "2.  This  value  corresponds 
to  a  magnetic  susceptibility  of  1.85. 

A  limited  number  of  liquids  were  tested 
for  use  as  a  second  fluid  in  the 
accelerometer  and  were  judged  on  the 
basis  of  compatibility  with  kerosene 
and  low  acoustical  attenuation. 

Liquids  acceptable  on  this  basis 
include  distilled  water,  glycerol, 
and  ethylene  glycol. 


Sound  waves  originating  from 
transducer  (1)  establish  standing  v/ave 
patterns  in  the  chamber  that  are  caused 
by  the  interference  between  the  trans¬ 
mitted  sound  wave  and  waves  reflected 
from  the  liquid-liquid  interface.  This 
phenomenon  requires  proper  selection 
of  liquid  volumes. 


Figure  1 

Schematic  of  Device 


The  frequency  response  of  the 
device  is  a  series  of  peaks  or  "nodal 
resonances”  (Figure  ?.) .  The  frequencies 
where  these  resonances  occur  may  be 
determined  by  the  first  order  expression 


positive 

fn  =  nV/2L  f  n  =  inte„er 


where  V  is  the  velocity  of  sound  pro¬ 
pagation  in  liquid  (2),  and  L  is  the 
distance  from  transducer  (1)  to  the 
liquid-liquid  interface. 

A  typical  single  nodal  resonance 
is  shown  in  Figure  3.  When  the  inter¬ 
ferometer  is  operated  at  an  off-rc-so- 
nance  frequency,  fc,  (f  /  fR)  a  signal 
amplitude  will  be  produSed  at  the  out¬ 
put  c,f  the  device  which  is  completely 
determined  by  the  shape  of  the  asso¬ 
ciated  resonance.  The  application  of 
an  acceleration  to  the  device  will 
distort  the  liquid-liquid  interface 
and  thereby  alter  the  value  of  L.  The 
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modification  of  L  has  the  effect  of 
moving  the  nodal  resonance  curve  along 
the  frequency  azis  (see  dotted  curve 
in  Figure  3) .  The  mechanical  dis¬ 
placement  of  the  liquid-liquid  inter¬ 
face'  is  recorded  as  a  change  in  the 
amplitude  of  the  output  signal  of  the 
device.  A  source  of  magnetic  field 
gradient  is  used  to  control  the  damping 
constant  of  the  device  by  altering  the 
rigidity  of  the  ferrofluid. 


Figure  2 

Frequency  Spectrum  of  Device 


FREQUENCY 

Figure  3 

Typical  Nodal  Resonance 


Tho  shape  of  a  typical  resonance 
shows  some  distortion  near  resonance 
and  anti-resonance  frequencies.  How¬ 
ever,  linear  operation  between  these 
extremes  was  demonstrated  to  be  prac¬ 
tical  for  accelerations  up  to  50g. 
Irregularities  observed  in  the  fre¬ 
quency  spectrum  are  caused  by  sound 
reflections  from  the  chamber  walls  and 
the  receiving  transducer  and  should  be 


avoided  as  they  distort  the  linear 
response  of  the  device.  Movement  of 
the  nodal  resonance  due  to  temperature 
variations  give  rise  to  changes  in 
static  output  and  do  not  significantly 
alter  the  shape  of  the  nodal  resonance 
curve. 

Figure  4  is  a  photograph  of  a 
pilot  model  of  the  device.  The  chamber 
is  one  inch  diameter  pyrex  tubing. 
Transducers  were  encapsulated  barium 
titinate  crystals  cut  for  a  basic 
resonance  near  one  megacycle.  The 
black  liquid  in  the  upper  portion  of 
the  chamber  is  a  ferrofluid  and  the 
secondary  fluid  in  the  lower  half  is 
ethylene  glycol. 


Figure  4 

Pilot  Model  of  Device 


TEST  RESUI/TS 

An  electromagnetic  shaker  system 
was  used  to  analyze  the  vibration 
response  of  the  device.  By  means  of  a 
servomechanism  control  the  shaker  was 
operated  at  constant  acceleration  from 
10  to  100  Hertz.  Piezoelectric  accele¬ 
rometers  were  mounted  to  the  device  for 
the  purposes  of  calibration.  The  mag¬ 
netic  field  required  for  damping  was  a 
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permanent  magnet  mounted  on  the  fixture 
holding  the  device  and  positioned  near 
the  liquid-liquid  interface.  Output 
of  the  device  was  rectified,  amplified, 
ac-dc  converted  and  recorded  on  an  X-Y 
plotter  as  a  function  of  shaker  excita¬ 
tion  frequency. 

The  combination  of  water  and 
ferrofluid  showed  a  response  exempli¬ 
fied  by  Figure  5. 


EXCITATION  FREQUENCY 

Figure  5 

Typical  Vibration  Response 

Table  1  lists  the  operating  para¬ 
meters  used  in  testing  this  liquid 
combination. 


The  quantity  fe  is  the  operating  fre¬ 
quency  of  the  transducer* ,  gain  is  the 
slope  of  nodal  resonance  at  fc  mea¬ 
sured  in  volts  per  kiloHertz,  and  the 
entries  under  the  column  labeled  f  » 
indicate  the  order  of  the  nodal  reso¬ 
nance  (n)  and  whether  fc  is  less  or 
greater  than  fn. 

The  remaining  values  tabulated 
in  Table  1  were  based  on  analysis  of  a 
mechanical  analog  composed  of  a  resis¬ 
tance  (R) ,  spring  (k)  and  inertial  mass 
fm) ,  elements  arranged  in  parallel . 
This  model  leads  to  a  mechanical  impe¬ 
dance  of  the  form. 


where  u)/2TT  is  the  excitation  fre¬ 
quency.  The  resonance  which  results 
from  such  a  model  may  be  characterized 
by  the  following  parameters. 


Q  =*\/km/R 

f3) 

T  =  Q/U). 

(4) 

R  =  Rg/20 

(5) 

where  Q  is  the  quality  factcr  of  the 
resonance,  T  is  the  relaxation  time  of 
the  system,  LU./2TT  the  resonant  fre¬ 
quency,  and  Rc  is  the  value  for 


TABLE  1 

FERROFLUID-WATER  TEST  RESULTS 
f0  =  250  HZ 

RUN 

^c 

(kHz) 

GAIN 

(v/kHz) 

B 

(GAUSS) 

fn 

Q 

T 

(MSEC) 

1 

760.40 

0,61 

0 

< 

f8 

6.42 

4.09 

2 

767.15 

0.86 

0 

> 

f8 

5.51 

3.51 

3 

823.19 

1.13 

0 

< 

f10 

5.53 

3.52 

4 

827.22 

2.30 

0 

> 

f10 

4.15 

2.64 

5 

903.91 

1.26 

0 

< 

f12 

4.59 

2.92 

6 

906.65 

2.81 

0 

> 

f  12 

2.80 

1.78 

7 

760.79 

0.61 

43 

< 

f  8 

5.40 

3.44 

8 

907.16 

2.81 

43 

> 

f12 

2.35 

1.50 
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critical  damping, 

The  effect  of  the  nagnetic  field  is 
shown  in  Table  X  by  runs  n ushered  (7) 
and  (S) .  Sorae  distortion  of  the  nodal 
resonance  was  observed  when  the  magnet 
was  positioned  next  to  the  device.  The 
operating  frequency,  fc,  was  therefore 
adjusted  to  provide  the  saiae  gain  values 
as  observed  in  entries  (1)  and  (6). 

Results  for  tests  conducted  using 
glycerol  as  the  secondary  liquid  are 
shown  in  Table  2. 

r - 

TABLE  2 

•  PERflOFLUTD-GLYCEROL  TEST  RESULTS 
|  f0  =  190  Hertz 


^c 

(kHz) 

B 

(GAUSS) 

0 

r 

(MSEC) 

1 

869.44 

0 

6.  OS 

5.07 

2 

895.82 

0 

5.87 

4.91 

3 

963.59 

0 

5.06 

4.24 

4 

870.23 

43 

5.08 

4.26 

5 

896.14 

43 

4.94 

4.14 

6 

964.06 

_ 

43 

4.25 

3.56 

The  lower  value  of  fD  (natural  reso¬ 
nance  observed  from  vibration  testing) 
is  primarily  due  to  the  greater  speci¬ 
fic  density  and  lower  surface  tension 
of  glycerol  compared  to  water. 


The  use  of  ethylene  glycol  as  a 
secondary  liquid  provides  the  fol¬ 
lowing  test  results. 


TABLE  3 

FERROFLUID-ETHYLESE  Gl.YCOL  TEST  RESULTS 
fQ  *  380  Hertz 

RUN 

(kHz) 

B 

(GAUSS) 

Q 

r 

(MSEC) 

i 

804.61 

0 

8.57 

3.59 

2 

962.12 

0 

4.48 

1.88 

3 

803.50 

43 

7.05 

2.95 

•l 

961.56 

43 

3.84 

1.61 

5 

803.16 

105 

4.52 

1.89 

6 

960.89 

105 

2.46 

1.03 

Low  frequency  resonances  were 
observed  for  the  liquid  combinations 
described  above.  These  resonances 
were  detected  from  phase  angle  varia¬ 
tions  evident  during  vibration  testing 
and  through  the  application  of  sinu¬ 
soidal  magnetic  fields  applied  to  the 
interface  region.  Typical  findings  are 
presented  in  Table  4. 


TABLE  4 

LOW  FREQUENCY  RESONANCES 

Fluid 

fr (Hz) 

Velocity 

(Cfl'SEC) 

Water 

0.75 

8.27 

Glycerol 

1.22 

13.20 

Ethylene  Glycol 

0.99 

10.90 

The  presence  of  these  widely  separated 
resonances  are  a  direct  consequence  of 
the  hydrodynamical  theory  of  super¬ 
imposed  liquids  as  presented  by  Hilne- 
Thomson  [4] .  When  surface  tension  and 
the  thickness  of  the  liquid  layers  are 
considered  the  velocity  of  wave  pro¬ 
pagation  is  given  by 


g(P  -P') 
/*  +  P‘ 


21TT  21T  h 


(6) 


where  g  is  the  acceleration  due  to 
gravity, f  (/*')  the  density  of  the  lower 
»'  ipper)  liquid,  A  the  wavelength  of 
the  disturbance.  T  the  surface  tension 
at  the  i:- ter  face,  and  h  is  the  depth 
of  the  liquids  (here  considered  to  be 
equal) .  At  low  frequencies  and  large 
wavelengths,  the  first  term  of  equa¬ 
tion  (6)  predominates  and  the  velocity 
is  given  by 


g(f  -/* 

/’  +  /»'  h 


(7) 


At  higher  frequencies,  wave  motions 
termed  "ripples”  predominate  and  have 
a  veloci ty 
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It  is  to  b*  noticod  that  wave¬ 
lengths  deduced  froa  Table  4  are  con¬ 
sistent  with  those  derived  froa  a 
boundary  condition  analysis  of  oscil¬ 
lation  Bodes  as  given  by  Ieel»  [s]  . 


where  Aq  is  equilibrium  value  of  A. 
Coupling  equations  (12)  and  (13)  gives 


Oil  a  T 

o  Ao  L 


(14) 


The  amplitude  of  disturbances 
arising  froa  the  low  frequency  reso¬ 
nances  were  negligible  compared  to 
high  frequency  displacements.  Typical 
ratios  of  100  to  1  were  observed  for 
high  frequency  aaplitudes  compared  to 
low  frequency  displacements. 

All  tests  showed  a  nark  dependency 
between  gain,  operating  frequency  (fc) , 
and  Q  values.  This  relationship  has 
its  origin  in  the  following  analysis; 
Assume  that  displacements  of  the  path 
length,  L,  are  given  by  the  standard 
relaxation  equation 


dL  dt 

“  "  "  tl 


(9) 


where  T-  is  the  relaxation  time  for 
the  motion  of  L.  Now  from  equation 
(1)  we  have,  upon  differentiation 


df_ 


dL 
fn  T 


dt 

+  f°? 


(10) 


where  use  has  been  made  of  equation  (4). 
It  is  therefore  evident  from  this  sinple 
calculation  that  the  product  of  is 
inversely  proportional  to  the  observed 
Q  value.  The  quantities  tts, .  A«  ,  and 
Tl  are  constants  as  a  result  of  fixed 
values  of  the  physical  parameters  and 
positioning  of  fc. 

CONCLUSIONS 

The  device  described  in  this 
paper  was  found  to  be  extremely  sen¬ 
sitive  to  small  anplitude  displacements 
of  the  liquid-liquid  interface.  The 
limit  of  detection  of  interface  dis¬ 
placements  for  the  observed  gain  values 
was  on  the  order  of  fifty  microns.  This 
limit  was  largely  independent  of  liquid 
selection.  It  is  possible  to  reduce 
this  limit  further  by  increasing  the 
value  of  the  operating  frequency,  fc, 
and  by  decreasing  the  acoustical  path 
length,  L;  both  alterations  result  in 
an  increase  in  dA/dL  where  A  is  the 
output  signal  amplitude  of  the  device. 


where  use  has  been  made  of  equation 
(9) .  If  one  further  assumes  that  the 
response  of  the  device  is  linear  with 
respect  to  changes  in  fn,  then 


dA  *  -  p  dfn  (11) 

where  P  is  the  slope  of  the  nodal 
resonance  at  the  operating  frequency, 
fc.  Equations  (10)  and  (11)  may  be 
combined  to  yield 


The  principle  disadvantage  of  the 
present  device  is  the  relatively  low 
frequency  of  the  natural  resonance. 

In  accelerometer  design  it  is  desirable 
to  have  a  natural  frequency  at  least 
twice  as  high  as  the  highest  frequency 
of  the  accelerations  to  be  recorded 
[6]  .  The  liquid  combinations  tested 
have  a  useful  frequency  range  of  0  to 
190  Hertz.  At  this  value,  the  device, 
with  damping,  has  only  seismic  appli¬ 
cations.  This  situation  can  be  improved 
to  some  extent  by  choosing  a  liquid 
combination  with  high  surface  tension, 
such  as  water  and  mecury.  Further 
research  on  this  aspect  is  planned. 


<12> 

The  typical  response  of  A  for  small 
excursions  in  terms  of  a  relaxation 
time,  T is  given  by 

dA/A0  =  -  dt/rA  (13) 


The  observation  of  the  dependency 
of  measured  Q  values  on  the  selection 
of  operating  conditions  (P  and  f^) 
indicate  to  this  author  that  the  inhe¬ 
rent  0  resulting  from  the  interface 
motion  can  be  significantly  altered  by 
tuning  the  electronic  components  asso¬ 
ciated  with  the  interferometer.  Tr.is 
means  that  the  ferrofluid  primarily 
serves  to  reduce  the  low  frequency 
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•sc:  1  latior.s  (near  1  Hz)  but  that  the 
high  frequency  resonance  can  be  easily 
modified  by  proper  selection  of  liquids; 
liquid  thicknesses  and  operating  fre¬ 
quencies  (fc).  The  true  resonance 
shape  of  the  interface  motion  is  theo¬ 
retically  observable  by  examining  the 
device  response  at  fc  values  selected 
for  zero  gain  (j..e.  at  node  or  anti¬ 
node  conditions).  Experimental 
attests  at  these  frequencies  vere  not 
conclusive,  however,  due  to  the  rapid 
change  of  fi  with  frequency  at  these 
frequencies. 

The  device  may  be  operated  in  a 
manner  opposite  to  that  depicted  in 
Figure  1.  The  transducer  in  contact 
with  the  ferrofluid  may  serve  as  the 
transmitting  element  or,  equivalently, 
the  roles  plavod  by  the  transducers 
shown  way  be  preserved  and  a  secondary 
liquid  used  which  has  a  density  less 
than  the  density  of  the  ferrofluid 
(i.e..  the  ferrofluid  is  at  the  bottom 
of  the  chamber) .  The  r  esponse  of  the 
device  in  these  circumstances  differs, 
from  the  normal  configuration,  in  terms 
of  received  amplitude  and  nodal  reso¬ 
nance  frequency  spacing.  However,  the 
basic  operation  of  the  device  remains 
unchanged. 
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DISCUSSION 


Mr.  Stein  i.Arizona  State  University):  You  said 
that  the  low  frequency  mechanical  resonance  was 
eliminated  by  the  magnetic  field.  Could  (hat  be  in¬ 
terpreted  as  matching  the  impedance  across  the  in¬ 
terface  of  the  two  liquids,  and  that  one  might  be 
abie  to  infer  the  dynamic  mechanical  impedance  of 
an  unknown  lower  liquid  by  the  magnetic  field  that 
was  necessary  to  control  this  phenomenon? 


Mr.  Bert:  Is  the  mechanism  of  this  device  the 
change  in  shape  of  the  interface  because  of  the 
change  in  curvature  of  vour  meniscus  ? 

Mr.  Parks:  Yes,  It  is  actually  the  movement 
of  the  interface  which  brings  about  the  actual  analog 
output  of  the  device. 


Mr.  Parks:  I  think  that  is  a  correct  statement. 
There  were  many  aspects  observed  during  the  ex¬ 
perimentation  that  seemed  to  indicate  that  a  system 
such  as  this  could  have  other  applications  than  as  an 
accelerometer.  One  thought  that  occurred  to  me 
was  that  it  might  bo  an  excellent  way  to  measure  the 
surface  tension  between  two  liquids:  which  is  nor¬ 
mally  a  very  difficult  thing  to  do.  However,  there 
arc  some  aspects  of  this  device  that  can  be  used  to 
arrive  at  that. 

Mr.  Ilort  (Naval  Research  Laboratory);  In 
which  direction  did  you  shake  this  device? 

Mr.  Parks:  It  was  primarily  shaken  in  a  ver¬ 
tical  mode.  We  observed  that  when  the  acceler¬ 
ometer  was  canted  at  1  or  ."i  degrees  off  the  vertical 
the  presence  of  the  magnetic  field  maintained  a 
level  of  the  interface  perpendicular  to  the  :ixis  of 
the  instrument.  So  il  could  lie  used  off  .axis  but 
within  certain  limitations. 


Mr.  rtvmer:  In  regard  to  the  previous  question, 
that  seemed  to  touch  on  cross  axis  sensitivity,  the 
normal  off-the-shelf  type  accelerometers  that  are 
used  in  aircraft  testing  cross-axis  sensitivity  can  be 
a  problem.  If  this  device  were  (prther  developed 
into  a  practical  useable  unit  for  sale,  would  you  ex¬ 
pect  high  values  of  cross-axis  sensitivity,  or  do  you 
think  it  eould  be  developed  to  overcome  that  prob¬ 
lem? 

Mr.  Parks:  We  are  not  in  the  business  of  sell¬ 
ing  this  device,  however  we  have  examined  the 
transverse  sensitivity  of  the  device  and  we  feci  that 
it  can  be  controlled,  both  by  using  higher  magnetic 
fields,  maybe  two  or  three  hundred  gauss,  and  also 
by  changing  the  diameter  of  the  vessel  containing 
the  liquid.  We  feel  that  there  is  quite  an  influence 
due  to  surface  tension  on  the  aspects  of  transverse 
oscillations.  However,  we  did  not  have  available  a 
shaker  that  would  give  us  any  indication  of  trans¬ 
verse  motion. 
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HYBRID  TECHNIQUES  FOR  MODAL 
SURVEY  CONTROL  AND  DATA  APPRAISAL 


hocert  A.  Salyer 
TRW  Systems,  Inc. 
Redondo  Beach,  California 


The  subject  is  introduced  by  briefly  reviewing  the  objectives  of  a  Modal 
Survey  and  examining  the  problems  generally  encountered  during  the  pre¬ 
paration  for  and  performance  of  a  modal  survey.  A  logical  growth  path 
to  eliminate  these  problems  has  culminated  in  a  Computer-Oriented  Modal 
Control  and  Appraisal  System  (COHCAS)  which  utilizes  bath  analog  and 
digital  techniques  for  reduction  of  modal  response  data. 

The  hybrid  techniques  employed  in  COHCAS  are  discussed.  COMCAS  provides 
amplitude  control  of  the  total  force  distribution,  frequency  slewing  to 
maintain  resonance,  conditioning  and  filtering  of  the  control  force  gages 
and  accelerometers,  A/D  conversion  and  multiplexing  of  control  parameters 
to  provide  computer  intervention  if  the  forcing  distribution  is  disturbed, 
resolution  of  response  data  into  vector  components  that  are  in-  and-out-of- 
phase  with  the  applied  force,  A/D  conversion  a.id  multiplexing  of  the 
resolved  response  data  and  real-time  displays  of  raw,  engineering  unit  and 
generalized  coordinate  data.  Orthographic  ard  stereographic  plots  are 
generated  immediately  after  all  response  data  have  been  acquired. 

The  performance  of  COMCAS  during  a  recent  modal  survey  is  reviewed  and  the 
results  of  the  modal  survey  are  discussed.  A  final  upgrading  of  the  system 
is  proposed  to  utilize  sweep  techniques  in  which  the  computer  plays  the 
major  role  of  providing  foreground  interactive  control  of  excitation, 
data  acquisition  and  reduction,  and  data  appraisal  with  rode  documentation 
being  performed  concurrently  on  a  background  basis.  Incorporating  these 
features  into  the  present  system  will  result  in  a  "hands-off"  capability 
which  will  significantly  reduce  the  cost  of  performing  a  modal  survey. 


INTRODUCTION 

The  dynamic  behavior  of  a  structure  result¬ 
ing  from  transient  loading  events  is  an  extreme¬ 
ly  important  design  consideration,  especially 
for  one  whose  size  and  design  is  such  that  its 
modal  response  is  significant  at  or  near  any 
transient  fundamental  frequency.  Severe  loading 
will  result,  for  instance,  if  a  first  axial  mode 
of  a  satellite  is  excited  by  the  boost  vehicle 
staging  event;  similarly,  root  structure  over¬ 
stressing  can  occur  on  large  aircraft  during 
taxi  if  the  first  wing  bending  mode  is  excited. 

During  the  initial  design  phase,  the  dyna¬ 
mic  behavior  of  a  structure  is  predicted  by 
constructing  a  math  model  and  performing  para¬ 
meter  studies.  The  validity  of  the  results 
obtained  during  these  studies  is,  at  best, 
questionable  due  to  the  gross  assumptions  that 
must  be  made  in  order  to  construct  this  model. 
Obviously,  this  method  is  the  only  choice  for 
obtaining  characteristic  response  data  until  a 


structural  model  is  available,  at  which  time  a 
modal  survey  can  be  performed  to  allow  an  ex¬ 
perimental  assessment  of  the  analytical  results 
obtained  with  the  math  model.  Additionally, 
these  experimental  results  provide  a  basis  for 
updating  the  math  model  so  that  future  analyti¬ 
cal  studies  will  yield  accurate  and  valid  data. 

A  modal  survey  is  conducted  over  a  fre¬ 
quency  range  in  which  all  significant  modes 
reside  and  in  which  all  notable  transient  inputs 
are  included.  Orbital  loads,  i.e.,  those  in¬ 
duced  by  deployment  of  on-board  devices  or  orbi¬ 
tal  maneuvers,  are  not  usually  considered  signi¬ 
ficant;  hence,  the  modal  survey  of  a  satellite 
is  customarily  performed  to  define  its  behavior 
due  to  ascent  transients  which  fall  qenerally 
between  5  and  50  cps.  If  tne  rigid  body  modes 
are  desired,  however,  the  frequency  range  of 
interest  will  begin  at  approximately  1  cps. 

A  typical  time  history  of  a  payload  input 
transient  due  to  Stage  1  shutdown  is  shown  in 
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(a)  (b) 


Fig.  1  -  Typical  Stage 

Figure  1(a).  Figure  1  (b)  is  a  family  of  shut¬ 
down  transient  response  spectra  for  the  cases 
of  structural  damping  noted  on  the  curves.  As 
can  be  seen  in  Figure  1(b),  the  damping  factor 
should  be  high  to  avoid  structural  damage  as  a 
result  of  transient  inputs.  This  gives  rise  to 
an  Interesting  and  unavoidable  paradox  since 
the  theory  of  modal  testing  to  determine  the 
normal  modes  of  a  structure  is  predicated  on 
zero  structural  damping;  the  frequency  shift, 
however,  due  to  the  damping  is  considered  In¬ 
significant. 

Objectives  of  a  typical  modal  survey  of  a 
satellite  are  to  determine  the  frequency,  damp¬ 
ing  and  shape  of  all  modes  of  the  structure 
configured  to  meet  the  desired  end  conditions, 
e.g.,  rigid  base,  free-free,  from  5  to  50  cps 
which  are  significant  in  the  determination  of 
ascent  loads.  The  participation  of  the  higher 
frequency  inodes  is  slight  compared  to  those 
which  are  closer  in  frequency  to  transient  fun¬ 
damental  frequencies;  consequently,  the  Impor¬ 
tance  of  modes  to  the  loads  analysis  decreases 
as  the  frequency  increases. 

The  usual  approach  to  performing  a  modal 
survey  is  divided  into  three  phases:  the  pre¬ 
survey  analysis  of  the  structure,  the  survey  to 
acquire  and  record  the  data  and  the  post-survey 
data  reduction.  Generally,  the  pre-survey 
analysis  is  accomplished  by  a  group  not  involved 
with  the  actual  survey  and  after  the  survey  is 
complete  this  same  group  receives  the  data  for 
appraisal  of  validity  and  subsequent  use  in  the 
loads  analysis.  Several  major  problems  are 
eliminated  when  the  performing  group  partici¬ 
pates  in  the  pre-survey  analysis.  In  this  man¬ 
ner  the  intimate  knowledge  of  the  structure  and 
its  predicted  behavior  which  is  required  to 
efficiently  perform  the  survey  is  acquired. 


1  Shutdown  Transient 

limitations  of  the  modal  facility,  e.g.,  number 
of  exciters  or  of  transducers,  can  be  considered 
when  constructing  the  mass  model  or  transforma¬ 
tion  equations  and  software  required  for  data 
reduction  can  be  used  for  pre-survey  analysis. 

There  should  be  no  post-survey  appraisal  or 
reduction  of  data.  Too  often  this  Is  accom¬ 
plished  after  the  structure  has  been  removed  and 
the  setup  Is  disassembled  and  there  Is  no  chance 
to  repeat  the  survey  when  serloys  anomalies  are 
found.  Fragmentary  or  questionable  modal  survey 
data  Is  worse  than  no  data  at  all.  Rarely  will 
It  correlate  exactly  with  the  analytical  data 
above  the  first  bending  modes  and  It  must  be 
completely  accurate  If  It  Is  to  be  used  to  cor¬ 
rect  the  math  model  and  to  perform  a  loads 
analysis  of  the  structure.  For  this  reason,  the 
complete  appraisal  of  nodal  data  must  be  accom¬ 
plished  as  data  for  each  mode  are  acquired. 

This  results  In  an  extremely  high  confidence 
factor  for  all  data  as  soon  as  data  from  the 
last  mode  is  obtained  and  appraised. 

The  foregoing  considerations  have  led  to 
the  development  of  a  Computer-Oriented  Modal 
Control  and  Appraisal  System  (COMCAS)  which 
utilizes  both  analog  and  digital  techniques  to 
acquire,  reduce  and  document  modal  survey  data 
on  a  real-time  basis. 

A  GENERAL  MODAL  SURVEY  OVERVIEW 

It  Is  appropriate  at  this  point  to  briefly 
discuss  the  various  tasks  associated  with  per¬ 
forming  a  modal  survey.  Although  the  treatment 
of  each  task  is  condensed.  It  will  provide  the 
reader  having  limited  modal  survey  experience 
with  some  understanding  of  the  purpose  of  each 
task. 
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Fig.  2  -  Satellite  Structure  and  Hass  Model 


Pre-survey  tasks  consist  of  the  preparation 
of  the  mss  aodel  and  the  generation  of  the 
plots  of  all  aodes  which  are  predicted  by  Nth 
model  anolysls. 

Briefly,  the  steps  required  In  construct¬ 
ing  a  mss  aodel  are:  detenolne  properties 
of  all  conponents  of  the  structure;  judiciously 
coBblne  the  component  Masses  and  assign  the 
lumped  Msses  to  appropriate  coordinates;  deter¬ 
mine  the  mss  and  Inertia  values  for  each  lumped 
mss;  and,  assign  degrees -of- freedom  to  each 
mass  point.  Gross  checks  of  the  mass  model  so 
constructed  are:  about  each  axis  the  sum  of  the 
moments-of-lnertla  of  the  Individual  lumped 
musses  must  equal  the  moment-of-lnertla  of  the 
total  structure  and  along  each  axis  the  sun  of 
the  masses  associated  with  each  node  must  equal 
the  mass  of  the  total  structure.  A  typical 
satellite  structure  Is  shown  In  Figure  2(a)  and 
the  mass  model  of  the  structure  Is  depicted  In 
Figure  2(b) .  Each  node  of  the  mass  model,  rep¬ 
resented  In  Figure  2(b)  by  the  darkened  circles, 
has  associated  with  It  the  degrees-of-freedom 
required  to  define  Its  behavior.  A  sample  of 
the  mass  model  tabular  data  Is  given  In  Table  1, 
In  which  the  Inertial  property  of  each  degree- 
of-freedom  Is  listed.  Each  node  of  the  mass 
model  In  Figure  2(b)  Is,  of  course,  numbered; 
these  were  deleted  from  the  figure  for  clarity. 


Care  must  be  taken  In  preparing  the  mass  model 
since  errors  due  to  poor  techniques  In  construc¬ 
tion  can  easily  overshadow  errors  attributable 
to  Instrumentation.  Possible  causes  for  error 
In  constructing  a  mass  model  are:  Important 
secondary  structure  may  be  lumped  Into  nodes 
containing  Mny  other  snII  masses;  inaccuracies 
may  exist  In  the  calculated  moments,  masses  and 
coordinate  locations  for  each  node;  and  the 
model  may  contain  an  insufficient  number  of 
degrees-of-freedom  to  properly  describe  the  . 
behavior  of  the  structure.  Use  of  the  mass 
model  In  performing  orthogonality  checks  is 
discussed  In  the  latter  part  of  this  section. 

Analytical  mode  plots  are  generated  from 
data  obtained  from  math  model  studies  of  the 
structure.  These  plots  represent  the  best  data 
available  until  the  modal  survey  is  performed 
and  are  used  for  analysis  until  the  experimental 
data  Is  obtained  and  plotted.  Although  the 
analytical  plots  are  not  entirely  accurate,  they 
generally  are  correct  in  representing  the  gross 
motion  of  the  structure  and  are  useful  in  pre¬ 
dicting  optimum  exciter  locations  for  each  mode. 

Tasks  associated  with  the  actual  perfor¬ 
mance  of  the  modal  survey  are  excitation  of  the 
structure,  acquisition  of  the  response  data, 
analog  and  digital  reduction  of  the  data, 
listing  of  data  and  appraisal  of  the  results. 


27 


TABLE  1 

Sample  Hass  Model  Tabular  Data 


Jiode 

Station! Inches) 

X  Y  z 

Mx 

Inertia  Value  (IB  or  18-lfl^) 

My  Mz  lx  Iy 

Iz 

Degrpe- 
of- Freedom 

59 

0 

0 

60 

11.15 

10.26 

- 

- 

- 

15.0C0 

139,140,141 

60 

0 

0 

87.3 

11.15 

10.26 

- 

- 

- 

15,00t) 

142,143,144 

61 

34.0 

34.0 

67.8 

?4.66 

13.22 

0 

- 

- 

- 

145,145,147 

62 

-34.0 

34.0 

67.3 

15.83 

15.83 

0 

- 

- 

- 

148,149,150 

63 

-10  5 

15.2 

38.1 

100.00 

100.00 

100.00 

94,700 

100,000 

100,600 

151-156 

64 

-10.5 

15.2 

104.85 

100.00 

100.00 

100.00 

94,100 

98,010 

100,600 

157-162 

65 

0 

0 

0 

13.75 

13.75 

13.75 

94,100 

98,000 

190,000 

163-168 

Perhaps  the  most  important  aspect  of  modal 
survey  performance  is  the  proper  excitation  of 
the  structure.  Budd's  Procedure  [1]  is  gen¬ 
erally  followed  in  performing  a  modal  search. 

The  forcing  distribution,  i.e.,  the  application 
of  in-phase  or  out-of-phase  forces  of  varying 
amplitudes,  must  be  such  that  energy  is  applied 
throughout  the  structure  at  the  proper  phase, 
amplitude  and  frequency  to  excite  a  desired 
mode.  Although  various  and  sundry  tuning  tech¬ 
niques  are  available  to  excite  a  given  mode 
while  another  mode  is  simultaneously  being  sup¬ 
pressed,  these  are  usually  a  matter  of  exper¬ 
ience  and  no  attempt  will  be  made  to  list  or 
explain  these  here.  A  prime  consideration  is 
that  the  amount  of  energy  supplied  to  the  struc¬ 
ture  must  be  sufficient  only  to  excite  the  mode; 
any  additional  energy  will  tend  to  distort  the 
structure  ana  give  erroneous  results.  Co/quad 
analysis  [2],  i.e.,  resolution  of  acceleration 
signals  into  coincident  and  quadrature  vector 
components  which  are  in-  and  out-of-phase,  res¬ 
pectively,  with  a  reference  force  signal,  of 
the  structural  response  data  is  generally  the 
method  used  to  determine  if  resonance  is 
achieved.  The  purity  of  the  mode  is  checked 
by  performing  a  modal  decay.  This  consists  of 
observing  the  signals  from  selected  accelero¬ 
meters  and  simultaneously  removing  all  excita¬ 
tion  from  the  structure.  The  lack  of  beating 
in  the  response  signals  indicates  only  the  mode 
of  interest  is  excited. 

After  the  mode  is  deemed  acceptable,  exci¬ 
tation  is  reinstated  and  the  data  is  acquired. 
Data  acquisition  and  analog  reduction  consists 
of  conditioning  and  filtering  the  acceleration 
signals  and  resolving  them  into  coincident  (Co) 
and  quadrature  (Quad)  components. 

At  this  point  a  myriad  of  mathematical 
operations  must  be  performed.  The  data  must  be 
translated  from  accelerometer  coordinates  to 
mass  coordinates.  The  generalized  mass  ana  the 
sum  of  the  mass-phi  products,  which  provid*5  a 
general  definition  of  the  predominant  structural 


behavior,  e.g. ,  torsional  about  the  longitudinal 
axis,  must  be  computed.  Normalized  deflections 
for  each  mass  point  are  required  to  perform 
orthogonality  checks  between  the  mode  being  in¬ 
vestigated  and  all  other  modes  for  which  data 
has  been  acquired.  These  orthogonality  results, 
along  with  modal  decay  data  and  modal  plots,  are 
used  to  appraise  the  quality  and  validity  of  the 
acquired  data. 

Modal  olots  are  generated  to  completely 
define  the  character  of  the  mode.  These  plots 
also  provide  a  fast  and  sure  method  of  assess¬ 
ing  the  effectiveness  of  the  exciters  located 
about  the  structure  in  exciting  the  mode  under 
investigation. 

COMCAS  -  A  HYBRID  SYSTEM 

COMCAS  was  conceived  as  an  extension  of  a 
previous  system  which  utilized  a  time-share  ter¬ 
minal  to  process  data.  As  this  earlier  system 
was  used,  it  became  obvious  that  the  survey  was 
outpacing  the  data  aporaisal  and  mode  plotting 
caoability.  An  evaluation  of  the  system  perfor¬ 
mance  [3]  indicated  that  the  excitation  control 
and  the  analog  acquisition  and  reduction  sub¬ 
systems  were  adequately  designed  but  that  the 
system  should  include  a  computer  with  sophisti¬ 
cated  I/O  capabilities,  supported  by  a  software 
oackage  capable  of  real-time  performance  of  all 
analytical  tasks  associated  with  a  modal  survey. 

A  simplified  block  diagram  of  a  tyoical 
channel  of  the  excitation  control  sub-system  is 
shown  in  Figure  3.  This  sub-system  features 
amDlitude  servo  control  of  the  total  forcing 
distribution,  frequency  slewing  to  maintain 
resonance  conditions,  comDuter  cognizance  of 
control  parameters  to  orevent  data  acquisition 
if  the  forcing  distribution  is  perturbed  and  the 
display  of  control  parameters  and  any  out-of- 
tolerance  messaaes  on  a  CRT  disDlav  unit.  The 
CRT  display  unit  includes  a  keyboard  which  is 
used  for  assigning  limits  on  the  force  levels 
for  a  given  forcing  distribution  and  for 
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m urn* 

Fig.  3  -  Block  Diagram  of  Typical  Control  Channel 


entering  bookkeeping  data  such  as  date,  time, 
mode  number,  exciter  locations,  and  so  forth, 
in  core  memory. 

A  force  gage/accelerometer  pair  Is  located 
at  each  force  input.  A  selected  pair  provides 
signals  to  each  of  their  associated  tracking 
filters.  The  filtered  signals  are  applied  to 
the  co/quad  analyzer  which  operates  on  the  force 
and  acceleration  signals  to  provide  co  and  quad 
components  of  acceleration.  Proper  tuning  of  a 
mode  Is  evidenced  by  a  peaking  of  the  quadra¬ 
ture  signal  as  shown  in  Figure  4.  As  can  be 
seen  In  the  co/quad  plot,  mode  11  is  suppressed; 
the  adequacy  of  suppression  Is  confirmed  by  per¬ 
forming  a  modal  decay.  This  consists  of  observ¬ 
ing  the  unfiltered  signals  from  selected  accel¬ 


erometers  as  excitation  is  removed.  A  clean 
decay,  i.e. ,  no  beating,  indicates  that  proper 
tuning  techniques  have  been  employed  to  effec¬ 
tively  eliminate  adjacent  mode  response.  Typi¬ 
cal  decay  curves  are  shown  in  Figure  5.  After 
the  decay  curves  are  obtained  and  the  modal 
purity  seems  satisfactory,  the  excitation  is 
reinstated  in  preparation  for  acquiring  modal 
data. 

The  output  of  the  filters  are  also  fed 
simultaneously  to  the  phase- lock  system,  an 
oscilloscope  used  to  monitor  the  force/acceler¬ 
ation  lissajous  pattern  and  to  the  A/D  con¬ 
verter,  which  interfaces  the  control  and  acqui¬ 
sition  console  with  the  computer.  If  the  fre¬ 
quency  of  resonance  should  change  the  phase-lock 
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Fig.  4  -  Co/Quad  Components  of  Acceleration 


Fig.  5  -  Modal  Decay  Curves 


29 


system  causes  the  oscillator  to  change  frequency 
to  maintain  a  resonance  condition.  The  A/D  con* 
verter,  which  includes  multiplexing,  is  pro¬ 
gramed  to  constantly  update  control  parameter 
data.  If,  after  the  forcing  distribution  is 
established,  any  force  level  exceeds  pre-estab¬ 
lished  limits  the  acquisition  of  data  is  ter¬ 
minated,  an  error  message  appears  on  the  key¬ 
board  and  the  out-of-limit  parameter  is  con¬ 
tinuously  scanned  until  the  proper  correction 
is  made.  These  limits  may  be  changed  or  removed 
at  will  by  a  manual  entry  on  the  keyboard. 

The  data  acquisition  and  analog  reduction 
sub-system  resolves  the  response  accelerometer 
signals  into  co  and  quad  components  and  pro¬ 
vides  this  data,  along  with  range  data  from  the 
various  units  which  operate  on  the  reference 
force  gage  and  the  response  accelerometer  sig¬ 
nals,  to  the  A/D  converter  and  multiplexer.  A 
block  diagram  of  a  typical  response  channel  is 
given  in  Figure  6.  The  symbols  are  defined  in 
Appendix  A. 

After  a  given  accelerometer  signal  is 
selected  as  an  input  to  the  co/quad  analyzer, 
all  range  switches  are  optimized  and  an  entry 
on  the  CRT  keyboard  initiates  a  data  scan  on 
the  multiplexer.  The  computer  receives  the 
data,  stores  it  in  core  memory  and  displays  the 
value  read  at  each  data  point  on  a  monitor  CRT. 

Although  absolute  amplitude  Is  not  a  pro¬ 
perty  of  a  normal  mode,  it  is  convenient  to 
cancel  out  the  force  contribution  to  the  co  and 
quad  components,  thereby  obtaining  values  in 
units  of  acceleration  only.  In  other  words,  if 


the  quantities 


Co  *  |F|  | AS  Cos  e  1) 

and 

Quad  -  | F J  jA|  Sin  e  2) 

were  converted  from  voltage  to  engineering  units 
dimensionally  they  would  have  units  of  lbs 
force-G.  In  Appendix  B,  the  conversion  equa¬ 
tions  are  derived  so  as  to  cancel  out  the  force 
to  give 


Co  *  | Aj  Cos  e  3) 

and 

Quad  *  j A|  Sin  e  4) 

with  dimensional  units  of  G.  The  equations, 
derived  in  Appendix  B,  used  to  convert  the  data 
from  voltage  to  engineering  units  and  corres¬ 
ponding  to  equations  (3)  and  (4),  respectively, 
are,  using  symbols  defined  in  Appendix  A, 


and 


where 


C„  x  S,  x  Z 

Co  ■  r  . . w  - - 

5x7 
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Q,  x  s.  x  Z 
Quad  ‘  rx'T,"  — 


B-14) 
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The  engineering  data  are  then  translated 
from  accelerometer  coordinates  to  mass  point 
coordinates  for  each  degree-of-freedom.  This 
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Fig.  6  -  Typical  Response  Channel 


technique,  which  takes  advantage  of  any  rigid 
body  wtion  which  the  various  components  May 
tend  to  exhibit  in  given  coordinates,  eliminates 
the  need  for  an  inordinate  nunber  of  transducers 
to  adequate1>  define  the  behavior  of  the  struc¬ 
ture. 


A  brief  treatnent  of  a  simplified  Method  of 
coMputing  the  orthogonality  between  nodes  is 
given  in  Appendix  C  to  cooplement  the  following 
discussion.  This  serves  the  purpose  of  limit¬ 
ing  any  extraneous  discussion  in  the  development 
of  the  relationships  as  well  as  allowing  only 
the  useful  results  to  be  used  here. 

The  generalized  Mass,  Gr,  for  the  rth  mea¬ 
sured  mode  of  a  system  with  n  degrees  of  freedom 
is  calculated  easily  by  performing  the  summation 

6r  "I  Xr  •  <M> 

where  »f  denotes  the  mass  or  inertia  property  of 
the  ith  degree-of- freedom  of  the  mass  model  and 
is  the  acceleration  which  has  been  translated 
to  the  ith  coordinate.  Acceleration  may  be  used 


here  Instead  of  displacement  since  acceleration 
is  equal  to  displacement  multiplied  by  a  con¬ 
stant,  and,  as  mentioned  earlier,  amplitude  Is 
not  a  defining  property  of  a  normal  Mode. 

The  generalized  mass  Is  used  to  normalize 
the  translated  accelerations  so  that  the  gener¬ 
alized  mass  of  the  normalized  data  is  equal  to 
unity.  As  shown  in  Appendix  C,  this  allows  the 
determination  of  orthogonality  to  be  performed 
in  a  simple  and  straightforward  manner.  The 
normalized  acceleration  value,  0i>r,  for  the  1th 
degree -of- freedom  of  the  rth  measured  mode  is 
obtained  by  dividing  the  translated  acceleration 
value  9{|r  by  the  root  of  the  rth  generalized 
mass,  Gr 
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Utilizing  the  normalized  deflection  values,  the 
orthogonality,  or  mass  coupling,  {r>s,  Is  cal¬ 
culated  by  performing  the  summation* 
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Fig.  7  -  COMCAS  Software  Flowchart 
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Fig.  8  -  Orthographic  (Top)  and  Stereographic  (Bottom)  Views  of  a  Structure 


where  n  is  the  number  of  degrees -of- freedom, 
denotes  the  element  of  the  diagonal  mass  matrix 
corresponding  to  the  ith  degree-of-freedom,  and 
0i,j  denotes  the  ith  normalized  deflection  for 
the  jth  measured  mode. 

These  calculated  generalized  coordinate 
data  are  listed  on  a  hardcopy  printout  im¬ 
mediately  *fter  data  acquisition  is  complete. 

A  flowchart  of  these  operations  is  given  in 
Figure  7. 


Various  methods  exist  to  calculate  the 
damping  factor.  The  most  convenient  is  to 
determine  the  frequency  points  of  maximum  and 
minimum  coincident  response  [2].  Looking  back 
to  Figure  4,  the  maximum,  tb,  occurs  below  res¬ 
onance  and  the  minimum,  ,. a,  occurs  above  reso¬ 
nance.  The  damping  factor,  ,  is  a  function  of 
the  ratio  of  these  frequencies  and  is  given  by 


(s) 


An  alternate  method  [4]  is  to  utilize  the  rela¬ 
tionship  based  on  the  logarithmic  decrement  of 
the  decay  curve  given  as 


(fi) 


in  which  the  damning  factor  is  a  function  of  the 
initial  amplitude,  Y0,  and  final  amplitude,  Y, 
of  the  peaks  of  a  decay  curve,  as  shown  in 
Figure  5,  and  n  is  the  number  of  cycles  included 
within  the  initial  and  final  amplitude  peaks. 


As  no  real  advantage  is  gained  by  perform¬ 
ing  these  calculations  on  a  computer,  since  the 
values  must  be  read  from  a  record,  the  computa¬ 
tions  are  performed  manually. 

As  soon  as  the  data  is  reduced  and  the  mode 
is  deemed  acceptable,  the  plotting  sequence  is 
initiated.  The  COMCAS  soft v/are  includes  a  plot 
routine  which  generates  three  orthographic  views 
and  two  stereographic  views  of  the  structure. 

Two  images  appear  on  each  plot:  the  undeflected 
structure  in  blacx  and  the  perturbed  structure 
in  red.  Plotting  Darametep-s,  which  are  manually 
entered  on  the  keyboard,  u  e  v;  iable  to  allow 
the  structure  to  be  viewed  at  any  anole  and  at 
any  focal  point.  Hence,  if  any  key  portion  of 
the  structure  is  obscured,  the  operator  need 
only  enter  new  parameters  on  the  keyboard  to 
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effectively  swing  the  viewpoint  around  the 
structure.  The  plot  format  is  shown  ir.  Figure 
8  in  which  the  lighter  lines,  plotted  In  red  on 
the  original  plots,  indicate  the  perturbed 
structure.  The  stereo  plots,  when  viewed  with 
a  stereoscope,  provide  a  three-dimensional  view 
of  the  structure.  This  stereo  view  is  very  use¬ 
ful  Wien  working  with  higher  order  inodes  having 
complex  shapes. 

Very  often  the  mass  model  cf  a  structure  is 
constructed  in  such  a  manner  that  large  rigid 
objects  are  modeled  with  a  single  mass  point 
with  multiple  degrees -of- freedom.  A  useful 
technique  in  this  case  is  to  employ  transfor¬ 
mations  by  which  the  motion  at  this  mass  point 
is  projected  to  synthetic  nodes  established  at 
the  comers,  edges  or  other  easily  identified 
points  of  the  object.  These  synthetic  nodes 
are  then  also  plotted  to  more  clearly  define 
the  gross  behavior  of  the  object. 

APPRAISAL  OF  SYSTEM  PERFORMANCE 

A  modal  survey  was  recently  performed  on  a 
large  tandem-satellite  payload  with  excellent 
results.  All  significant  inodes  met  the  ortho¬ 
gonality  goal  of  ten  percent,  which  is  generally 


accepted  as  a  realistic  requirement  for  ortho¬ 
gonality.  Minor  exceptions  to  this  qoal  existed 
in  three  hiqher  frequency  nodes.  These  excep¬ 
tions  were  attributed  to  participation  of  secon¬ 
dary  structure  which  was  not  adequately  defined 
in  the  mass  model. 

The  phase-lock  and  amplitude  servo  control 
systems  are  very  necessary  to  maintain  resonance 
during  data  acquisition,  limits  imposed  cm  the 
forcing  distribution  during  dwells  was  +5-  of 
the  required  level  and  seldom  was  any  readjust¬ 
ment  required  during  the  modal  dwells. 

Co/quad  analysis  has  proved  its  worth  in 
various  tasks.  As  onposed  to  the  out-dated  and 
extremely  inferior  technique  of  ohservinq  the 
total  response  of  each  accelerometer  to  deter¬ 
mine  resonance,  the  co/quad  technique  has  proven 
to  be  an  extremely  fast,  and  accurate  method  of 
detectinq  resonance  and,  in  fact,  has  almost 
eliminated  the  need  for  a  large  number  of  ex¬ 
citers  to  be  placed  around  the  structure.  Four 
exciters  rated  at  twenty-five  force-lbs  have 
been  sufficient  to  properly  excite  large  and 
complex  structures  when  the  data  is  resolved 
into  co  and  quad  components  before  computing 
generalized  coordinate  data. 


Fiq.  9  -  Modal  Survey  Control  Poom 
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fig.  10  -  Msdal  Survey  Data  Package 


.4  rea1  -tinp  data  appraisal  and  documenta- 
tion  capability  if  a  distinct  advantage  and  a 
necessary  safeguard  against  the  jeopardy  of 
tearing  down  the  t~>;  setup  before  poor  data 
can  be  identified  and  improved.  Modes  exhibit¬ 
ing  poor  ortnegona  1  i ty  .titn  previously  defined 
'■v'des  were  identified  immediately  after  acqui¬ 
sition  of  response  data,  the  forcing  distribu¬ 
tion  was  improved  and  mod«l  data  were  again 
acquired  and  examined. 

Complete  visibility  of  all  operations  was 
achieved  t-y  locating  all  consoles  and  computer 
I/O  devices,  with  the  exception  cf  the  line 
printer,  in  a  control  room  adjacent  to  the 
structure  under  test.  A  photo  of  this  control 
room  is  included  as  figure  9.  The  CRT/keyboard 
unit,  through  which  all  system  activity  is 
dirccced,  can  be  seen  in  the  foreground.  A 
second  CRT/keyboard  unit,  not  shown  in  the 
photograph,  was  available  for  use  by  tie  engi¬ 
neering  staff  to  recall  data  from  previous  modes 
without  interfering  with  system  operations, 

lured  lately  after  data  for  the  last  mode 
were  acquired,  a  complete  package  cf  data  was 
available  for  loads  analysis.  This  package  in¬ 
cluded  raw  voltage  data,  engineering  unit  data, 
generalised  coordinate  data,  ortnogonal ity 
results  and  nodal  plots,  shown  pictorially  in 
rigure  1C. 

FjTuRE  SY$TF«  7? GRADING 

Studies  are  presently  >n  progress  to  con¬ 
vert  the  system  to  one  utilizing  sweep-mode 
techniques.  This  will  allow  a  modal  survey  to 
be  accomo I ished  completely  in  one  slow  sinu¬ 
soidal  sweep  with  the  computer  providing  fore¬ 
ground  control  Of  the  frequency,  forcing  dis¬ 
tribution,  data  acquisition  and  purity  apprai¬ 
sal.  Documentation  will  be  accomplished  on  a 
non-interference  background  basis. 


A  control  technique  has  been  devised  [51  which 
will  eliminate  the  unwanted  mass  effects  of  un¬ 
used  exciters.  This  Is  Important  to  the  overall 
concept  of  accomplishing  a  modal  survey  In  a 
single  sweep  since  exciters  will  be  required  at 
key  locations  throughout  the  structure  to  allow 
excitation  of  all  predicted  modes.  The  ampli¬ 
tude  and  phase  of  each  exciter  and  the  excita¬ 
tion  frequency  will  be  controlled  by  the  com¬ 
puter  through  A/D  and  D/A  interfaces.  A  con¬ 
ceptual  block  diagram  of  the  control  loop  for  a 
single  exciter  Is  given  In  figure  II.  The 
velocity  at  a  given  excitation  point  Is  utilized 
as  an  Indicator  of  the  effect  of  the  exciter  for 
the  mode  at  hand.  If  It  Is  not  assisting  In  ex¬ 
citing  the  mode  the  oscillator  Input  to  this 
channel  will  be  removed;  however,  the  velocity 
feedback  still  remains  to  provide  enough  energy 
to  the  exciter  to  have  it  appear  to  the  struc¬ 
ture  as  zero  mass.  The  function  of  the  rest  of 
the  system  Is  Identical  to  the  present  control 
system.  All  manual  functions,  e.g.,  ranging  of 
the  units,  selection  of  inputs,  etc.,  will  be 
eliminated  by  auto-ranging  amplifiers  and  random- 
access  crossbar  switching  networks. 

The  test  will  proceed  by  slowly  sweeping 
until  the  computer  determines  that  a  resonance 
condition  Is  at  hand.  The  resonance  will  be 
optimized  by  varyinq  phase,  amplitude  and  fre¬ 
quency  for  maximum  quadrature  peaking  of  key 
accelerometers.  After  data  acquisition  has  been 
completed,  the  sweep  will  resume.  Computer 
foreground  activity  will  continue  in  search  of 
the  next  mode  while  background  activity  will 
commence  to  document  the  modal  data  just  ac¬ 
quired. 

CONCLUSION 

The  performance  of  COMCAS  during  a  modal 
survey  of  a  large  corplex  structure  has  demon¬ 
strated  the  value  of  interleaving  analog 
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Fig.  11  -  Conceptual  Block  Diagram  of  Automatic  Control  System 


and  digital  techniques  to  reduce  data  and  docu¬ 
ment  the  results  on  a  real-time  basis.  Maximum 
visibility  of  raw  voltage,  engineering  unit  and 
generalized  coordinate  data  is  provided  as  the 
survey  is  performed  to  allow  an  immediate 
appraisal  of  the  adequacy  of  the  forcing  dis¬ 
tribution  and  the  validity  of  the  acquired  data. 

Integrating  a  co/quad  analysis  capability 
into  the  system  has  provided  a  precise  method 
of  determining  resonance  and  eliminated  the 
need  for  a  great  number  of  exciters  to  be 
placed  about  the  structure.  One  must  realize, 
however,  even  when  utilizing  co/quad  techniques, 
that  some  experience  is  still  required  in  plac¬ 
ing  exciters  to  achieve  a  satisfactory  mode, 
although  it  is  no  longer  the  difficult  task 
that  it  was  when  only  phase  and  total  accelera¬ 
tion  response  were  available  to  determine  reso¬ 
nance. 

Interactive  computer  control  is  a  logical 
extension  of  the  present  capability  and  will 
result  in  a  significant  reduction  in  the  cost 
of  performing  a  modal  survey.  This  reduction 
will  mainly  stem  from  having  to  locate  the 
exciters  only  once  at  the  beginning  of  the 
survey.  The  computer  will  carry  the  burden, 
through  judicious  prograitning  techniques,  of 
performing  the  many  iterations  required  to 
adequately  tune  each  -.ode.  This  approach, 
coupled  with  the  present  system  capability  of 
providing  a  complete  package  of  reduced  data 


minutes  after  the  last  rede  is  acquired,  will 

represent  a  significant  increase  in  the  state- 

of-the-art. 
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APPENDIX  A 
LIST  Of  SYMBOLS 


Syi:t>ol 

Tef  ini  tion 

r 

Applied  force 

At 

Total  Acceleration 

SfO 

Sensitivity  of  Force  Asip. 

"fq 

Gain  of  Force  Gage  Filter 

f 

V 

Force  Level 

Gain  of  Co/Quad  Ch.A 

Sa 

Sensitivity  of  Accel  Amp. 

Ga 

Gain  of  Accel  Filter 

* 

V 

Acceleration  Level 

Aa 

Gain  of  Co/Qu-d  Ch.3 

Cv 

Coincident  Level 

Phase  Angle  Between 
Applied  Force  and  Total 
Acceleration 

Quadrature  Level 

Cofa 

Coincident  Component 
(5  FsAt  Cos  ) 

Quadfa 

Quadrature  Component 
(5  F$At  Cos  ■) 

Co 

Coincident  Component 
(At  Cos  ) 

Quad 

Quadrature  Component 
(At  Sin 

F 

n 

Force  Input  to  Co/Quad 
Multiplier  C; -cui t 

Uni  t.s  Symbol 

LB  A 

m 

G 


LB/ Volt 

i 

db 

M 

Volt 

i,r 

db 

IM 

G/Volt 

db 

G 

r 

Volt 

C  , 

db 

r.s 

Volt2 

Otg. 

r,s 

.  2 

|M} 

Voir 

LB-G 

II 

LB-G 

iHr,sl 

G 

0i.r 

G 

iM 

Volt 


Definition  Units 

Acceleration  Input  to  Volt 

Co/Quad  Multiplier  Circuit 

Element  of  Mass  Matrix  LB  or 

LB-IN2 

Mass  Matrix  LB  or 

LB-IN2 

Deflection  at  Point  i 

of  rth  Measured  Mode  Inch 

Modal  Column  of  Inch 

rth  Measured  Mode 

Generalized  Mass  of  LB  or 

rth  Measured  Mode  LB-IN2 

Mass  Coupling  Between  LB  or 

rth  and  sth  Measured  LB- IN2 

Modes 

Magnitude  of  Hass  Scalar 

Coupling  Between  rth 
and  sth  Measured  Modes 

Generalized  Mass  Matrix  LB  or 

For  All  Measured  Modes  LB-IN2 

Modal  Matrix  Containing  Inch 

Columns  For  All  Measured 
Modes 

Generalized  Mass  Matrix  For  LB  or 
rth  and  sth  Measured  Modes  LB- IN2 


Element  of  Modal  Column 
Normalized  to  Unity 
Generalized  Mass 


IN _ 

(LB-lN2)1/? 


Modal  Column  of  rth  Measured 


Mode  Normalized  to  Unity 
Generalized  Mass 
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APPENDIX  6 


A  block  diijra  of  the  co/quad  analysis 
system  is  given  in  Figure  6.  This  system  oper¬ 
ates  on  signals  from  a  selected  reference  force 
gage  and  the  response  accelerometers. 

Tracking  analyzer  1  filters  the  reference 
force  gage  signal  and  the  100  kc  output  is  ap¬ 
plied  to  the  input  of  Channel  A  of  the  co/quad 
analyzer.  Similarly,  the  100  kc  acceleration 
signal  is  applied  to  Channel  B  of  the  co/quad 
analyzer.  After  ranging  of  all  units  has  been 
optimized,  the  co  or  quad  output  of  the  co/quad 
analyzer  can  be  selected  as  the  input  to  a 
digital  voltmeter  to  read  a  voltage  which  can 
be  converted  to  the  co  or  quad  component  of 
acceleration,  with  respect  to  the  reference 
force  gage  signal,  for  each  selected  accel¬ 
erometer.  The  filtered  D.C.  outputs  of  the 
force  or  acceleration  tracking  analyzers  can  be 
selected  as  the  input  to  the  digital  yoltmeter 
to  read  a  voltage  level  which  can  be  converted 
to  the  reference  force  level  or  accelerometer 
total  response,  respectively.  Ranges  of  all 
units  are  required  to  convert  the  readings  from 
voltage  to  engineering  units. 

The  co/quad  analyzer  operate;  on  the  force, 
F,  and  acceleration.  A,  signals  through  phase- 
shift  and  filtering  networks  to  give  the  co  and 
quad  components  of  the  acceleration  which  are 
defined  as 

Cofa  =  -j—  Cos  h  B-l ) 

and 

Quadfa  =  — Sin  •>  ,  B-2) 

where  6  is  the  phase  angle  between  the  applied 
(reference)  force  and  the  total  acceleration 
measured  at  the  selected  response  accelero¬ 
meter. 

However,  the  co/quad  analyzer  also  con¬ 
tains  a  multiplier  circuit  in  which  there  is  a 
fixed  gain  of  10,  i.e.,  with  force  arid  accel¬ 
eration  inputs  having  levels  and  phase  angles 
of 

a)  F  =  0.71  V  rims  b)  F  =  0.71  Vrms 
A  =  0.71  V  ms  A  =  0.71  Vrms 

~  =  0°,  r  ■  45°, 

and 

c)  F  =  0.71  Vrms 
A  =  0.71  Vrms 
-  =  15% 


the  resulting  co  and  quad  outputs  are 

a)  Co  =  2.50  V0C  b)  Co  =  1.76  VDC 
Quad  =  0  VDC,  Quad  3  1.76  VDC, 

and 

c)  Co  =  2.45  VDC 
Quad  *  0.66  VDC. 

Therefore,  the  D.C.  voltage  read  at  the  co  and 
quad  output  must  be  divided  by  5  to  obtain  the 
analog  representation  of  fa  Sin  >  and  FA  Cos 
In  other  words,  the  voltages  read  at  the  co  and 
quad  outputs  actually  represent 


Cofa  =  5  FA  Cos  - 

B-3) 

Quad,,  =  5  FA  Sin  :  , 

»  a 

B-4) 

which  will  be  used  in  place  of  equations  B-l) 
and  B-2)  in  the  remainder  of  this  discussion. 

The  force,  Fs,  imposed  cn  the  structure  at 
the  reference  force  gage  location  is  given  by 


where  Fv  is  the  level  of  the  filtered  D.C.  out¬ 
put,  Gfg  is  the  gain  of  the  reference  force 
gage  tracking  analyzer  and  Sfg  is  the  sensitiv¬ 
ity  of  the  -corce  gage  amplifier. 

The  total  acceleration.  At,  seen  by  the 
selected  response  accelerometer  is  given  by 


where  Av  is  the  level  of  the  Filtered  D.C.  out¬ 
put,  Ga  is  the  gain  of  the  accelerometer  track¬ 
ing  analyzer  and  S?  is  the  sensitivity  of  the 
accelerometer  ampmier. 

The  voltaqe  read  at  the  Co  output  which 
represents  FA  Cos  ••,  denoted  by  Cv,  and  the 
voltaqe  read  at  the  quad  output  which  represents 
FA  Sin  ,  denoted  by  Qv,  are  given  by  the  fo'- 
lowing  equations,  in  which  Fm  and  A^  are  the 
force  and  acceleration  inputs  to  the  multiplier 
circuit  and  the  constant  5  is  included  to 
account  for  the  gain  of  10: 

C„  =  5  F  A  Cos  B-7) 

v  ft  rn 


Cu  -  5  F  A  Sin  B-8 
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APPENDIX  B 
(Continue*)) 


Now,  Fm  is  related  to  the  force  applied  to  the 
structure,  the  sensitivity  of  the  force  gage 
amplifier,  the  qain  of  the  tracking  filter  and 
the  gain,  Af.  of  channel  A  of  the  co/quad 
analyzer  as 


Similarly,  the  relationship  between  the  total 
acceleration  and  A,,,,  the  acceleration  input:  to 
the  multiplier  circuit,  is  given  by 

.  _  _ Am  x  Sa _ ,  B-10) 

*t  *  10  £*p(Ga/?0)  x  10  Exp(Aa/20> 

where  Aa  is  the  gain  of  channel  B  of  the  co/ 
quad  analyzer. 


Likewise,  after  substitution  Into  equation  B-8) 
the  expression  for  quad  Is  obtained: 


5  x  F. 


xljXlx  Sin 


sfgx_57 


B-12) 


Solving  equations  B-ll )  and  B-12)  for  A» 
Cos  e,  denoted  by  Co,  and  At  Sin  e,  denoted  by 
quad,  and  using  equation  B-5)  to  eliminate  Fs 
from  the  expression  results  in 


Co  *  At  Cos  e  * 


V 


S,xZ 
5  x  T~~ 


B-13) 


and 

Q  x  S  x  Z 

^  ,  At  si„  o  «  - 


B-14) 


Solving  equations  B-9)  and  B-10)  for  F,,, 
and  A,„,  respectively,  and  substituting  into 
equation  B-7)  yields 


C 


v 


5  *  x  Aj  x  I  x  Cos  i 


8-11) 


where,  for  convenience,  1  is  defined  as 
Y  =  10Exp(Af/20)x10Exp(Gfg/20) 

x10Exp(G  /20)x10Exp(A  /20). 

a  a 


where  Z  Is  defined,  for  convenience,  as 

Z  *  10Exp(Af/2O)xlOt:xptGa/26)xlbExp(Aa/2O) 

Equations  B-13)  and  B-14)  are  expressions 
for  the  coincident  and  quadrature  co^wnents, 
respectively,  of  the  total  acceleration  signal, 
measured  at  a  given  response  location  and 
applied  to  Channel  B,  with  respect  to  a  ref¬ 
erence  force  gage  signal  which  Is  applied  to 
Channel  A  of  the  co/quad  analyzer. 


APPENDIX  C 

DISCUSSION  OF  MODAL  ORTHOGONALITY 


With  n  mass  oriented  accelerometers  ac¬ 
quiring  data  from  a  continuous  structure  which 
has  been  idealized  by  lumping  masses  such  that 
n  degrees -of- freedom  exist,  the  off-diagonal 
elements  of  the  corresponding  nxn  mass  matrix 
vanish.  Should  the  accelerometers  not  be  loca¬ 
ted  at  each  coordinate,  the  same  result  can  be 
accomplished  through  the  use  of  transformation 
equations  to  translate  the  measured  accelera¬ 
tion  from  accelerometer  coordinates  to  mass 
coordinates.  Let  the  diagonal  mass  matrix  be 


represented  by 

M 

where  the  elements 


m.  .  =  Mass  Property  of  Point  i , 
1,1  i  =  1.  n. 
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The  nodal  deflections  of  a  wtsured 
■ode  are  the  eleaents  of  a  coluan  natrlx.  This 
nodal  colian  of  the  n  decree -of- freedom  systea 
In  the  rth  node  will  be  represented  by 

!M  • 

uhere  each  eleaent 


Mass  coupling  between  the  rth  and  sth  node 
results  in  a  value  other  than  zero  on  the  right- 
hand  side  of  Equation  C-3)  Therefore,  the  nass 
coupling,  C,  between  the  rth  and  sth  Measured 
■odes  Is  defined  as 

Cr,s  ■  IVi  T  ["]  M  •  M> 


e(1,r)  *  Deflection  at  Point  1,  1  ■  1,  n. 


or  equivalently,  by 


This  nodal  column  Is  also  called  the  rth 
eigenvector  and  nay  be  thought  of  as  a  vector 
In  n  dimension  space  where  each  elenent  of  the 
coluan  Is  a  component  of  the  vector  in  the 
corresponding  coordinate  direction.  For  an  n 
degree-of-freedon  systea  there  are  n  such 
eigenvectors.  Each  eigenvector  and  associated 
eigenvalue  will  satisfy  the  equation  of  notion 
for  the  systea  In  free  vibration. 

The  generalized  Nass,  6r,  of  the  systen 
for  the  rth  Masured  node  Is  given  by 


C 


r,s 


■l 


■i  91,r  91,s 


C-5) 


The  Magnitude  of  nass  coupling,  },r, s» 
between  the  rtsi  and  sth  measured  nodes  can  be 
assessed  by  comparison  with  the  rth  and  sth 
generalized  masses: 


r,s 


r*s  (Gf  x 


C-6) 


sr*  MTW  IM  •  c-" 


where  the  syabol  T  denotes  the  transpose  of  the 
aatrlx.  An  equivalent  expression  for  the  above 
equation  Is 


C-2) 


The  set  of  elgnvectors  obtained  experlmen^ 
tally  should  be  orthogonal  In  a  particular 
sense,  l.e.,  they  should  be  orthogonal  with 
respect  to  the  nass  (or  stiffness)  weighting 
matrix.  This  orthogonality  relationship  with 
mass  as  the  weighting  matrix,  between  the  rth 
and  sth  modes  Is,  In  general,  expressed  as 

IM  T  M  l',l  ■  »  •  c-31 


The  generalized  mass  matrix  will  be  denoted 
by  the  syxfcol 

{H} 

and  is  defined  as 

|M|  =  je|  T  [mJ  H  ,  C-7) 

where  the  lack  of  a  subscript  in  the  modal  mat¬ 
rices  signifies  that  the  complete  set  of  eigen¬ 
vectors  is  included.  The  generalized  mass 
matrix  will  contain  as  the  diagonal  elements 
the  generalized  mass  for  each  mode  with  off- 
diagonal  elements  containing  the  mass  coupling 
terms. 

It  is  convenient  at  this  point  to  investi¬ 
gate  the  result  of  computing  the  generalized 
mass  matrix  for  the  rth  and  sth  measured  modes. 
Consider  a  system  having  six  degrees-of-freedom: 
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t"l.r  'Z.r  '3,r”4.r '5,r"6.r| 
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APPENDIX  C 
(Continued) 


An  inspection  of  C-8)  will  disclose  the 
presence  of  the  result  of  Equation  C-1)  for  the 
rth  and  sth  Bodes  in  positions  1,1  and  2,2  res¬ 
pectively,  of  the  diagonal  and  the  result  of 
Equation  C-4)  in  both  off-diagonal  elements. 
Hence,  the  generalized  matrix  may  be  character¬ 
ized  by 


In  so  doing,  the  denominator  of  equation  C-6) 
becoacs  unity  and  £r,s  may  be  calculated  siaply 
by  performing  the  summation 

n 

' r.s  i"1!  9i  ,r  ,s  ■  C-ll) 


iMr,sl 


The  result  of  equation  C-1 1 )  multiplied  by  100 
C-9)  gives  tne  mass  coupling, or  orthogonality,  bet¬ 

ween  the  rth  and  sth  measured  modes  in  percent. 


and  the  non-dimensional  magnitude  of  mass 
coupling  is  found  by  comparing  the  off-diagonal 
element  with  the  root  of  the  product  of  the 
diagonal  elements. 


r.s 


r.s 


«v » V 


1/2 


which  is  identical  to  Equation  C-6). 


It  is  desirable  to  normalize  the  elements 
of  each  modal  column  to  unity  generalized  mass 
for  the  particular  measured  mode.  This  is 
possible  since  amplitude  is  not  a  property  of 
normal  modes.  Denoting  the  normalized  modal 
col  mm  of  the  rth  measured  mode  as  |0r{  ,  each 
element  is  obtained  by  dividing  by  the  root  of 
the  rth  generalized  mass: 


i  ,r 


_UL 

(Gr) 


T7? 


C-10) 


The  futility  of  attempting  to  obtain  abso¬ 
lutely  orthogonal  modes,  i.e. ,  with  zero  ”>»ss 
coupling,  can  be  realized  by  noting  the  c  es 
of  error.  The  distributed  mass  of  the  struc¬ 
ture  is  discretized  to  form  a  mass  model  of  the 
structure.  The  transformation  equations  in¬ 
clude  terms  to  determine  the  displacements  of 
the  center  of  gravity  and  rotations  about  the 
principal  axes  of  inertia  of  each  mass  element 
from  components  of  acceleration  measured  at 
various  locations.  The  accuracy  of  the  deter¬ 
mined  mass  coupling,  or  orthogonality,  depends 
on  the  accuracy  of  the  theoreti cal  mass  model , 
transformation  ev-'at’'  <s  and  the  experimental 
data. 


Caution  must  be  exercised  when  using 
orthogonality  results  to  appraise  the  validity 
of  modal  data.  Two  modes  can  be  orthogonal  in 
the  mathematical  sense  simply  because  they  are 
physically  orthogonal.  One,  or  both,  of  these 
modes  can  be  non-normal  to  the  remaining  modes 
Of  a  set  even  though  at  first  glance  they 
appear  to  meet  orthogonality  conditions  when 
considered  as  a  pair  without  -egard  to  the 
Other  normal  modes.  Orthogonality,  then,  is 
a  necessary  but  not  sufficient  condition  that 
the  mode  under  consideration  is  a  normal  mode 
of  the  structure. 


DISCUSSION 


Mr.  Gaynan  (Jet  Propulsion  Laboratory):  As  a 
result  of  experience  with  this  system  and  with  the 
overall  data  processing,  have  you  determined  any 
criteria  for  judging  when  an  orthogonality  check  is 
good  or  bad  or  indifferent? 

Mr.  Salyer:  That  point  is  probably  open  to  a  lot 
of  interpretation,  but  our  orthogonality  goal  is  ten 
percent  and  we  have  been  very  successful  in  meeting 
that  goal.  While  we  have  exceeded  that  goal  with 
some  of  the  higher  order  modes  we  have  been  able  to 
rationalize  that  out  because  they  are  so  far  displaced 
from  the  phenomena  vhieh  we  feel  to  be  important. 
The  participation  of  these  modes  is  so  low  compared 
to  the  lower  frequency  modes  that  we  really  put  most 
of  our  time  in  the  lower  order  modes.  The  ten  per¬ 
cent  goal  is  essentially  met. 


Mr,  Trubert  (Jet  Propulsion  Laboratory): 

What  advantage  do  you  have  using  the  co-quad 
against  phase  measurement  and  amplitude  measure¬ 
ment?  They  are  equivalent. 

Mr.  Salver:  They  are  equivalent.  I  feel  that 
our  system  yields  results  much  quicker.  Of  course, 
digital  techniques  can  be  employed  but  it  takes  con¬ 
siderably  longer.  One  of  our  requirements  is  to 
obtain  the  results  immediately  without  any  transition 
from  tape  data  or  play  back  through  a  computer  to 
obtain  components  of  the  total  acceleration. 

Mr.  Trubert:  What  I  mean  is  that  instead  of 
using  a  co-quad  you  can  use  a  phasemeter  and  an 
amplitude  meter  and  get  the  same  answer.  Wc  have 
been  doing  that  at  JPL  and  it  works  quite  well. 
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Mr.  S  tiver:  i  see,  v  .hi  have  liccn  using  total 
acivlc ration  -and  you  try  to  got  all  of  \oor  points 
either  zero  or  1M)  «k.-grors  out  of  phase? 

Mr.  Tnjjwt:  Wo  actually  measure  the  phase. 

■Mr.  Saher:  St)  you  try  to  got  all  your  points 
oithor  in  or  out  of  phase? 

Mr.  S:dyer:  As  i  explained  on  one  of  the  slitb-s, 
the  total  response  obscures  the  quadrature  data. 

Mr.  Truliert:  No.  Ihii  we  do  not  use  the  peak  to 
tune:  we  use  the  ph:tse  to  tune. 

Mr.  S:tlycr:  Weli ,  we  have  used  lioth. 

Mr.  Trubcrt:  Instead  of  measuring  x  and  y  you 
measure  the  motluius  and  the  phase  angle  ? 

Mr,  Salyer:  i  understand  what  you  are  saying 
now.  We  used  that  Ivchnique  at  the  beginning.  The 
system  that  we  have  now  is  alout  a  third  generation 
system.  The  technique  that  you  describe  is  difficult 
iieeause  of  the  number  of  Lissajous  patterns  that 
you  have  to  look  at. 

Mr,  Trubcrt:  i  wonder  why  you  would  need  a 
co-quad  analyzer  when  you  can  do  the  job  with  an 
amplitude  and  phase  meter?  If  on  method  has  a 
real  advantage  over  the  other  i  would  iike  to  know 
that. 

Mr.  Salver:  if  you  are  using  amplitude  and  phase, 
are  you  using  the  phase  to  convert  you:-  totai  acceler¬ 
ation  amplitude  into  eo-  and  quad-  components? 


Mr.  Trubert:  Yes,  the  computer  does  that. 

Mr.  Salver:  The  computer  does  that  in  real 
time? 

Mr.  Trubcrt:  No,  not  real  time,  but  you  do  not 
need  that.  You  measure  the  ampiitude  and  the 
phase  and  then  you  tune  on  the  phase  only.  That  is 
the  way  you  tune  vour  mode.  I  think  you  are  tuning 
an  quad-,  are  you  not? 


Mr.  Salver:  Yes,  we  tune  on  quad-.  We  use 
force  and  acceleration. 

Mr.  Trubert:  That  U  the  same  thing,  I  think. 

Mr.  Salver:  No.  Not  unless  you  go  through 
some  mathematical  computations  and  unless  those 
mathematical  computations  are  performed  in  reel 
time  so  that  it  gives  a  comparable  quality  of  data. 

Mr,  Trubert:  Well,  you  do  not  really  need  the 
value  of  your  co-  or  your  quad-,  you  just  need  a 
zero  angle,  then  you  are  tuned, 

Mr.  Cronkhite  (Bell  Helicopter  Co,  >:  Do  you 
use  normal  mode  data  in  dynamic  response  analysis? 

Mr,  Salyer:  The  quadrature  data  is  used. 


Mr.  Cronkhite:  How  do  you  obtain  the  gener¬ 
alized  masses? 


Mr.  Salver:  The  generalized  mass  is  an  inter¬ 
mediate  step  in  computing  the  orthogonality. 

Mr.  Cronkhite:  What  mass  matrix  did  you  use? 

Mr.  Salver:  It  was  a  mass  matrix  system  that 
was  derived  from  the  actual  Inertial  properties  of 
th»  structure  under  test. 

Mr.  Cronkhite:  So  you  developed  a  mass  ma¬ 
trix  for  vour  actual  structure? 

Mr.  Salyer:  Yes. 

Mr.  Cronkhite:  Did  you  use  a  lumped  mass 
matrix  or  a  consistent  mass  matrix? 

Mr.  Salver:  We  used  a  diagonal  mass  matrix 
without  any  off  diagonal  terms. 

Mr.  Cronkhite:  How  does  this  work  In  dynamic 
response  analysis?  Do  you  find  this  adequate? 

Mr.  Salver:  It  worked  very  well.  I  think  it  is 
the  best  approach. 


42 


OBJECTIVE  CRITERIA  FOR  COMPARISON 
OF  RANDOM  VIBRATION  ENVIRONMENTS 


F.  F.  Kazmierczak 
Lockheed  Missiles  L  Space  Company 
Sunnyvale,  California 


Analysis  of  random  vibration  requires  an  objective  means  of  accounting  for  time 
and  amplitude.  Use  of  the  peak  exceedence  curve,  the  ex  >ected  number  of  cycles 
to  exceed  some  peak  amplitude,  provides  a  technique  for  including  both  parame¬ 
ters  in  measuring  the  damage  potential  of  environments.  The  procedure  is  based 
on  the  Rayleigh  Distribution  of  peak  amplitudes  in  narrow  bands  and  provides  a 
simple  method  for  comparing  random  vibration  environments.  An  extension  of  i 
this  technique,  utilizing  Miner's  Rule,  provides  a  procedure  for  more  accurately  j 
measuring  the  potential  fatigue  damage.  Two  detailed  examples  of  how  this 
general  methodology  is  applied  are  presented. 


INTRODUCTION 

Equipment  for  missiles  and  space  vehicles  must 
undergo  numerous  random  vibration  environments, 
both  on  the  ground  prior  to  flight  as  well  as  during 
the  actual  flight.  In  order  to  verify  the  flight  worthi¬ 
ness  of  equipment,  qualification  testing  is  usually 
performed  on  mechanical  shakers  using  a  test  spec¬ 
trum  which  is  more  severe  than  die  total  flight  item 
exposure.  In  order  to  evaluate  this  qualification  test 
spectrum,  it  must  be  compared  to  several  environ¬ 
ments  each  of  which  has  a  different  spectrum  shape 
and  time  duration.  The  most  expedient  procedure  is 
to  set  the  qualification  test  level  so  that  it  envelopes 
all  of  the  environments  and  to  assure  that  the  test 
time  exceeds  the  total  exposure  time  expected  for 
flight  hardware.  However,  because  of  the  differ¬ 
ences  in  time  a».fl  amplitude  between  the  various  en¬ 
vironments  this  approach  is  overly  conservative  and 
results  in  testing  components  at  levels  which  may 
produce  unnecessary  failures  during  testing,  thereby 
increasing  the  program  cost.  Therefore,  a  proce¬ 
dure  which  incorporates  the  combined  effect  of  time 
and  amplitude  is  desirable. 

One  method  for  achieving  this  goal  is  referred 
to  as  the  technique  of  peak  counting.  This  method 
assumes  that  the  accumulation  of  peaks  as  a  function 
of  peak  amplitude  is  a  realistic  measure  of  the  se¬ 
verity  of  the  environment  under  consideration.  The 
underlying  assumption  made  in  the  development  of  the 
peak  count  approach  is  that  the  vibration  signals 
being  analyzed  can  be  described  as  an  ergodlc  sig¬ 
nal,  whose  instantaneous  amplitude  Is  normally 
(Gaussian)  distributed.  In  practice  it  is  necessary 
to  retain  the  frequency  Information  obtained  from 
the  acceleration  spectral  density  (PSD),  and  there¬ 
fore  it  is  also  assumed  that  a  broadband  random  sig¬ 
nal  whose  PSD  amplitude  varies  with  frequency  can 


be  treated  on  a  narrow  band  basis.  These  assump¬ 
tions  lead  to  a  Rayleigh  Distribution  for  the  peaks. 

The  Rayleigh  Distribution  is  used  to  derive  a 
peak  exceedence  curve,  which  is  the  number  of  peaks 
expected  to  exceed  some  amplitude  as  a  function  of 
that  amplitude.  The  peak  exceedence  curve  is  used 
as  the  common  measure  to  compare  the  severity  or 
damage  potential  of  different  random  vibration  envi¬ 
ronments.  Two  typical  examples  of  how  this  peak 
count  analysis  is  applied  is  given  in  the  discussion 
that  follows. 

BASIC  ASSUMPTIONS 

The  assumption  that  a  broadband  excitation  can 
be  broken  down  into  a  series  of  r.arrow  band  signals 
and  each  narrow  band  analyzed  f’idividually  is  con¬ 
sidered  justifiable  since  the  peak  count  analysis  is 
used  only  for  comparison  between  various  environ¬ 
ments.  This  analysis  is  accomplished  by  comparing 
each  narrow  band  on  a  one  to  one  basis  using  arith¬ 
metic  operations,  i.e. ,  the  summing  or  subtraction 
of  peak  exceedence  curves  in  each  frequency  Oand  as 
a  means  of  finding  the  relative  severity  of  different 
environments.  In  this  context,  the  analysis  requires 
that  all  of  the  narrow  bands  exhibit  the  aarne  relative 
severity  before  it  is  assumed  that  the  broadband  sig¬ 
nals  being  compared  have  the  same  relation.  Thus 
any  errors  which  may  be  introduced  by  performing 
the  analysis  in  narrow  bands  are  consistent  for  all 
environments  and  will  have  a  small  effect  on  the  end 
results. 

The  size  of  the  bandwidths  were  chosen  bv  con¬ 
sidering  the  response  of  a  single  degree  of  freedom 
system.  Since  the  bandwidth  of  the  response  of  an 
oscillator  can  be  expressed  as  a  percentage  oi  the 
center  frequency,  or  equivalently  a  power  scale,  an 
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octave  Ivpe  stale  should  be  used  for  the  peak  count 
analysis.  A  one-third  octave  scale  Is  suggested  to 
be  consistent  with  acoustic  test  data. 

In  addition  to  performing  the  analysis  in  narrow 
bands  it  is  also  necessary  to  assume  normally  dis¬ 
tributed  signals  in  order  to  derive  at  a  Rayleigh  Dis¬ 
tribution  for  the  peaks.  Experience  with  mechanical 
shakers  and  reverberant  chambers  has  indicated  the 
validity  of  this  assumption  for  these  environments. 
Although  the  normality  of  flight  data  has  not  been 
directly  verified,  the  outgrowth  of  this  assumption, 

(i.  e. .  Rayleigh  Distribution  of  peaks)  has  been  ex¬ 
amined.  Shown  in  Fig.  1  is  a  comparison  of  flight 
data  to  a  fitted  Rayleigh  Distribution.  Some  scatter¬ 
ing  of  data  is  noted  at  the  high  sigma  values  for  the 
liftoff  environment,  and  this  is  probably  due  to  the 
highly  don-stationary  nature  of  inis  event.  Although 
the  transonic  environment  is  also  non-stationary  it 
varies  slowly  enough  with  time  so  that  the  peaks  do 
fit  a  Rayleigh  Distribution  for  the  short  time  interval 
examined.  -Since  the  liftoff  environment  is  a  short 
time  duration  event  for  most  s,iace  vehicles  the 
amount  of  error  introduced  by  assuming  a  stationary 
signal  is  negligible. 

Additional  assumptions  which  are  necessary  in 
the  application  of  the  peak  count  technique  are  con¬ 
sistent  with  engineering  practice.  For  example  It  is 
necessary  to  assume  that  shaker  testing  simulates 
the  input  seen  on  the  vehicle,  and  that  the  dynamic 
response  of  a  structure  is  linearly  related  to  the 
acoustic  field  excitation.  Thus  acoustic  test  data 
may  be  appropriately  scaled. 

DERIVATION  OF  PEAK  EXCEEDENCE  CURVE 

As  a  result  of  assuming  a  normal  ergodic  proc¬ 
ess  in  the  narrow  bauds,  it  can  be  shown  1 1 )  that  the 
probability  density  function  for  peak  amplitudes  (G’s 
zero  to  peak  for  random  vibration)  is  a  Rayleigh 
Distribution  of  the  form 

P<C.)  -  0/2  exp  J-l/2  (C./ff)2J  G  >  0  (1) 


P(G)  •  0 

a 

elsewhere 

where 

r<c>  = 

Rayleigh  probability  density'  function 

G 

peak  acceleration  amplitude 

o  - 

Grms  of  random  sig>:al  in  narrow 
frequency  band  of  interest 

The  integral  of  this  density  function  is  the  cumulative, 
distribution  function  which  when  subtracted  from 
unity  yields  the  probability  of  exceedence.  Multiply¬ 
ing  the  exceedence  function  by  the  total  number  of 
cycles  yields  the  expected  number  of  peaks  which 
exec  -d  a  given  amplitude,  or  the  desired  peak  ex¬ 
ceedence  curve.  The  result  Is 

NiG)  -  ft  exp  | -1/2  (GV)2]  G  >  0  (2) 

where 

MG)  expected  number  of  peaks  to  exceed 
amplitude  G 


f  =  center  frequency  of  narrow  band 

t  =  time  duration  of  signal  in  seconds 

Actually  this  result  predicts  the  number  of  cycles, 
with  two  peaks  occurring  per  cycle,  which  is  con¬ 
sistent  with  definitions  used  for  fatigue  data. 

Although  the  above  remit  Is  true  only  for  sta¬ 
tionary  signals  it  can  also  be  used  to  describe  foe 
environment  even  if  the  Grms  level  changes  with 
time,  as  has  been  demonstrated  in  Fig.  1.  In  this 
case  tile  Grms  time  history  is  traded  as  a  step 
function  with  a  constant  Grms  for  each  short  time 
interval.  Summing  the  peak  exceedence  curves  for 
each  time  interval  yields 

N(Gi  -^  ft,  exp  j- 1  (C/kj<r>2j  W 
where;.  ~  i. 

tp  -  =  •  duration  of  time  interval,  seconds 

k.  =  rolloff  curve  expressed  ss  a  fraction  of 
the  maximum  Grms  level 

In  this  maimer  the  time  varying  flight  conditions  can 
be  more  accurately  treated. 

This  peak  exceedence  curve  represents  foe 
basic  measure  which  can  be  used  for  comparing  foe 
relative  severity  of  different  environments.  The 
real  value  in  analyzing  random  vibration  by  using 
the  peak  count  method  is  that  foe  combined  effect  of 
different  environments  can  be  easily  obtained  by 
simply  summing  foe  peak  exceedence  curves  for  all 
events  of  interest,  resulting  in  one  curve  that  rep¬ 
resents  the  total  cumulative  damage  potential  for  all 
foe  environments. 

Two  typical  applications  which  used  this  analy¬ 
tical  procedure  were  (1)  the  derivation  of  an  acous¬ 
tic  spectrum  to  be  used  for  system  level  acceptance 
tests,  and  (2)  foe  comparison  of  equipment  qualifi¬ 
cation  test  spectra  to  predicted  flight  environments. 

EXAMPLE  l  DERIVATION  OF  ACOUSTIC  TEST 
SPECTRUM 

Objective  and  Approach 

In  this  application  an  equipment  section  was  to 
be  acceptance  tested  by  subjecting  the  entire  section 
to  acoustic  excitation  in  a  reverberant  chamber. 
Since  all  foe  components  had  already  been  tested 
and  qualified  for  flight  it  was  necessary  to  assure 
that  the  acoustic  test  spectrum  to  be  derived  would 
not  result  in  equipment  being  exposed  to  levels  which 
would  exceed  their  proven  capability. 

The  overall  approach  used  to  achieve  this  ob¬ 
jective  was  to  analytically  solve  for  foe  margin 
available  for  acoustic  testing  in  each  frequency  band 
for  each  piece  of  equipment,  and  to  use  this  margin 
in  deriving  the  acoustic  test  spectrum.  This  margin 
was  expressed  as  the  number  of  peaks  available 
versus  G  level  and  was  obtained  by  substracting 
the  cumulative  exposure  (sum  of  thepeak  exceedence 
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curves  for  *11  flight  environments)  from  the  demon¬ 
strated  capability  (peak  exceedence  curve  for  quali¬ 
fication  tests).  Acoustic  testing  of  a  development 
prototype  section  had  previously  been  performed  and 
provided  the  basic  random  vibration  data  needed  for 
predicting  equipment  flight  and  test  environments. 

An  example  cf  this  procedure  is  shown  In  Fig.  2 
which  shows  the  cumulative  exposure  and  the  demon¬ 
strated  capability  curves  for  one  of  the  pieces  of 
equipment  for  the  31S  Hz  i/3  rd  octave  band.  The 
resulting  available  life  curve  shown  in  Fig.  3  repre¬ 
sents  the  amount  of  peak  exceedences  that  could  be 
expended  during  acoustic  testing. 


Endurance  limits  wore  obtained  for  various 
materials  and  examination  of  this  data  indicated  that 
for  most  metals  an  endurance  ratio  of  0. 2  to  0. 3  is 
a  reasonable  estimate  of  the  lower  bound.  While  a 
tower  value  of  0.2  is  a  reasonable  approximation  for 
metals  this  is  not  necessarily  representative  of  all 
materials  used  in  the  construction  of  electronic 
equipment,  which  would  include  fiberglass,  plastics, 
ceramics,  etc.  Only  a  limited  amount  of  data  was 
found  concerning  the  fatigue  properties  of  these 
materials,  and  this  indicated  that  the  fatigue  proper¬ 
ties  of  non- metallic  materials  v;cre  not  as  favorable 
as  metals. 


Figure  3  graphically  indicates  one  of  the  difficul¬ 
ties  encountered  during  the  analysis,  it  shows  that 
the  available  life  curve  is  negative  at  low  G  levels, 
indicating  that  the  piece  of  equipment  did  not  have 
any  additional  capability.  This  negative  region  re¬ 
sults  because  the  flight  environment  was  a  low  amp¬ 
litude  relatively  long  duration  environment  whereas 
the  qualification  test  was  a  high  amplitude  short  dur¬ 
ation  test.  Since  a  large  number  of  cycles  at  very 
low  G  levels  does  not  substantially  contribute  to  the 
cumulative  damage  of  box  components  it  was  neces¬ 
sary  to  establish  a  logical  lower  bound  on  the  G 
level.  Cycles  with  amplitudes  below  this  level  would 
not  be  of  interest  for  the  analysis. 

ESTABLISHMENT  OF  UPPER  AND  LOWER  BOUNDS 

An  examination  of  the  fatigue  characteristics  of 
various  materials  was  made  to  determine  if  a  logical 
approach  could  be  developed  for  establishing  this 
lower  bound.  It  is  recognized  that  a  fatigue  argument 
is  more  appropriately  applied  at  the  point  of  interest 
in  the  structure,  in  this  case  the  stress  level  of  piece 
parts  inside  a  box  rather  than  the  vibration  input  at 
the  base  of  the  box.  However,  the  response  of  the 
internal  components  is  very  difficult  to  predict,  and 
would  require  considerable  effort.  Further  this 
stress  is  related  to  the  input  and  by  assuming  the 
stress  is  linearly  related  to  the  G  level  input,  a 
reasonable  and  simple  approach  can  be  derived.  Suf¬ 
ficient  conservatism  exists  in  the  way  the  fatigue 
argument  is  applied  so  that  any  errors  induced  by 
this  assumption  of  linearity  are  considered  negligible. 

Fatigue  is  usually  examined  on  the  basis  of  an 
S-N  curve  which  plots  the  number  of  cycles  to  failure 
as  a  function  of  stress  level.  Fatigue  curves  for  fer¬ 
rous  alloys  will  have  a  characteristic  knee  at  stress 
levels  of  0.2  to  0.6  of  ultimate.  Below  this  stress 
level  the  number  of  cycles  to  failure  is  indefinitely 
large.  The  stress  level  at  which  this  knee  occurs  is 
referred  to  as  the  endurance  limit,  or  when  normal¬ 
ized  to  the  ultimate  tensile  stress,  the  endurance 
ratio.  For  non-ferrous  material  this  knee  does  not 
usually  occur,  and  in  this  case  the  endurance  limit 
is  usually  taken  as  the  stress  level  at  10~  or  10s 
cycles.  For  the  present  example  the  worst  case  total 
time  duration  was  about  10  min.  and  the  maximum 
frequency  2000  Hz  so  that  the  maximum  number  of 
cycles  encountered  was  (10  min)  (60  sec /min)  (2000 
cycles/sec)  =1.2  (106)  cycles  or  about  an  order  of 
magnitude  less  than  the  above  definitions.  Hence, 
the  above  definitions  of  the  endurance  ratio  are  within 
the  scope  of  the  analysis. 


Another  important  consideration  in  fatigue  is 
the  effects  of  joints  and  attach  points  on  the  mate¬ 
rial.  Fatigue  tests  are  typically  performed  using 
smooth  specimens,  lacking  the  holes,  sharp  points, 
and  attachments  characteristic  of  real  equipment. 
These  factors  result  in  local  stress  concentrations 
which  reduce  the  fatigue  life  of  the  material.  To 
account  for  the  above  considerations,  and  also  to 
account  for  other  possible  effects  such  as  tempera¬ 
ture,  mean  stress,  etc. .  it  was  decided  to  use  an 
endurance  ratio  of  0. 10  as  an  engineering  approxi¬ 
mation  of  the  fatigue  life  limit  of  equipment. 

Use  of  this  endurance  ratio  was  made  in  the 
analysis  for  determining  the  lower  amplitude  limit. 
Below  this  limit  little  cumulative  damage  is  ac¬ 
quired,  and  therefore  peaks  below  this  amplitude 
are  not  included  in  the  comparison  between  environ¬ 
ments.  in  order  to  use  this  endurance  ratio  the  ul¬ 
timate  capability  of  the  box  must  be  known.  Since 
the  ultimate  capability  of  a  box  cannot  be  obtained 
without  data  from  destructive  tests,  a  conservative 
approach  was  used  by  defining  the  ultimate  strength 
as  the  maximum  input  acceleration  peak  experienced 
by  the  box.  This  maximum  peak  is  obtained  from 
the  demonstrated  capability  curves  for  each  box  by 
finding  that  G  level  for  which  the  expected  number 
of  peak  c-xceedences  equals  10.  Justification  for 
picking  this  point  of  the  curve  is  given  below.  The 
lower  bound.  GLB.  equals  10  percent  of  this  level. 

Since  the  peak  exceedence  curve  represents  the 
statistical  expected  value  it  is  necessary  to  define 
the  ultimate  box  capability  in  terms  of  a  confidence 
level.  It  is  desired  to  have  a  high  degree  of  ccnii- 
dencc  that  at  least  one  peak  exceeded  the  defined 
capability  level  during  the  qualification  test. 


Defining  the  confidence  ievel  as  CtG) .  the 
probability  that  at  least  one  peak  is  greater  than  G  . 
then  C(G)  can  be  expressed  as  a  function  of  N(C) . 
Let 


N(G)  =  expected  number  of  peaks  to  exceed  G 

N'o  =  total  number  of  peaks  that  occur 

P(G)  -  probability  that  any  one  peak  is 
greater  than  the  level  G 

Then  by  definition 

N'lG)  =  X  P(G>  or 

P(G*  N(G)N0  (4) 
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Since  lht  prohabilitv  iha*  one  peak  is  greater  than  G 
is  PiC.t  ami  No  peaks  occur  each  with  the  same 
probahilitx  then  this  p.ocess  represeats  a  binomial 
ilistrilMit'on  vrith 


N 

OGt  1  -  fl  -  !’(G)  |  °  (5) 


C’(G)  =  1  -  KKG)  *-£■  P(G)2  .....  (11) 

O  Z« 

Now  substituting  the  previously  derived  relation  for 
P(G.»  Eq.  (4). 


In  order  to  evaluate  this  confidence  level  it  is  neces- 
sarv  to  use  a  normal  distribution  approximation  to 
the  hinovEiial.  This  approximation  is  /.tod  for  np  >  5 
and  n(l-p)  >  5  tthere  n  equals  the  sample  size 
and  p  -  probability  of  a  success  (i.  e. .  peak  exceed¬ 
ing  G).  For  the  present  case  u ith  N,G)  «  Nq 


Therefore,  this  approximation  is  good  for  N(G)  >  S . 
Using  this  normal  distribution  approximation  the 
confidence  level  is 


C(G)  =  P(Z  >  G)  (8) 

where  Z  has  a  standard  normal  distribution  and  is 
defined  as: 


Z 


x  -  np 

1/2 

(np(l  -  p)]1/<4 


(9) 


In  this  case  x  =  1  since  it  is  desired  to  have  at 
least  one  peak  exceed  the  amplitude  G  ,  and 
p  «  i .  For  N(G)  -  10  the  confidence  level 
equals  99. 78  percent,  which  is  considered  more  than 
sufficient  for  the  present  analysis. 


C'(G)  =  1  -  N(G)  +  1/2  N(G)2-...  (12) 

which  Is  independent  of  N_  and  therefore  represents 
the  confidence  level  for  all  frequency  bands.  For 
N(G)  0.1,  CJG)  *  0.90  or  a  90  percent  confi¬ 
dence  level  that  all  peaks  will  be  below  G  amplitude 
where  the  peak  exceedence  curve  equals  0. 1  peaks. 

A  schematic  of  bow  these  upper  and  lower  bounds 
are  applied  is  shown  in  Fig.  4.  From  the  demon¬ 
strated  capability  curve  the  maximum  stress  capabil¬ 
ity!  G,nax  •  is  read  where  N(G)  =  Id  peaks.  The 
lower  hound,  GLB,  equals  10  percent  of  i:ds  level. 
On  the  peaks  available  curve  the  upper  bound,  GUB, 
occurs  where  N(G)  =  0. 1  peaks.  That  portion  of 
the  curve  which  is  between  these  bounds  is  of  inter¬ 
est.  These  bounds  are  shewn  on  the  available  life 
curve  in  Fig.  5. 

DERIVATION  OF  ACOUSTIC  TEST  SPECTRUM 

Subtracting  tiie  cumulative  exposure  from  the 
demonstrated  capability  results  in  a  curve  referred 
to  as  the  available  life  or  margin.  This  curve  (solid 
line  in  Fig.  S)  represents  the  demonstrated  life  or 
the  number  of  peaks  available  for  vehicle  acoustic 
testing.  A  curve  of  the  form  FT*  exp  (-1/2 
G/Grms*) ,  or  a  Rayleigh  Distribution,  represents 
the  number  of  peaks  consumed  during  a  vehicle 
acoustic  test  of  constant  amplitude  and  duration  T* 
and  can  be  fitted  such  that  it  intersects  the  peaks 
available  curve  at  both  the  upper  and  lower  bounds 
i  lashed  curve  in  Fig.  5). 


Since  the  probability'  distribution  for  peaks  is  a 
decaying  exponential  function  of  the  peak  amplitude, 
the  number  of  peak  exceedences  becomes  very  small 
for  large  G  amplitudes,  and  therefore  it  was  also 
decided  that  an  upper  bound  on  the  range  of  values  for 
G  was  necessary  «  maintain  a  realistic  region  of 
interest.  The  upper  bound  chosen  was  that  G  amp¬ 
litude,  where  with  90  percent  confidence,  all  peaks 
were  below  that  level.  The  upper  bound,  GUB.  then 
occurs  where  the  number  of  peak  exceedences  equals 
0. 1.  This  can  be  shown  as  follows. 

Define  the  confidence  level,  C'(G)  as  the  proba¬ 
bility  that  all  peaks  are  less  than  the  level  G.  Since 
the  probability  that  one  peak  is  less  than  G  is  1  - 
P(G)  and  N0  peaks  occur,  each  with  the  same  prob¬ 
ability,  then  this  process  represents  a  binomial  dis¬ 
tribution,  and  the  probability  that  all  peaks  are  less 
than  G  is 

N0 

C’(G)  =  [1  -  P(G)  ]  (10) 

Since  P(G)  «  1 ,  i,  e. ,  the  probability  that  any  one 
peak  exceeds  amplitude  G  is  small,  the  above 
expression  can  be  expanded  as 


Results  of  the  analysis  Indicated  that  the  avail¬ 
able  life  curve  exceeded  a  Rayleigh  Distribution 
curve  that  was  fitted  to  these  end  points  and  this  fact 
was  used  to  obtain  the  acoustic  spectrum.  This  was 
done  by  assuming  a  test  time,  and  then  solving  for 
that  Crms  which  will  result  in  the  peck  distribution 
curve  for  the  acoustic  test  passing  through  either  the 
lower  or  upper  bound,  whichever  is  limiting  for  the 
assumed  test  time. 


The  Grms  level  that  fits  this  curve  through  the  up¬ 
per  and  lower  points  can  be  obtained  by  substituting 
the  values  for  GLB,  N(GLB),  GUB,  and  N(GUB) 
into  the  above  expression.  That  point  which  yields 
the  smaller  Grms  represents  the  limiting  case. 

Ratioing  this  Grms  level  to  the  predicted  maxi¬ 
mum  flight  level  results  in  a  delta  dB,  references  to 
flight,  which  the  particular  box  being  examined  can 
be  tested  to  during  vehicle  acoustic  tests  in  the  1/3 
octave  band  under  consideration,  or 
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AdB  =  10U*££r1k  <14> 

Applying  this  delta  dB  to  the  predicted  maxi¬ 
mum  (light  acoustic  spectrum  yields  the  desired  test 
spectrum.  By  varying  the  test  time  a  curve  was 
constructed  representing  the  maximum  level  a  par¬ 
ticular  bos  can  be  subjected  to  as  a  (unction  of  time. 
Thia  Is  shown  in  Fig.  6  and  indicates  that  tor  the  ex¬ 
ample  considered  as  much  as  4-1/2  min  of  acoustic 
testing  at  maximum  flight  levels  could  be  performed 
on  the  ground.  By  examining  all  the  boxes  the  maxi¬ 
mum  acoustic  levels  that  the  entire  equipment  sec¬ 
tion  could  be  subjected  to  was  derived.  Us  in"  this 
approach  It  was  possible  to  establish  a  spectrum  that 
was  nearly  10  dB  higher  than  was  considered  possi¬ 
ble  before  the  analysis,  with  the  new  test  levels  rep¬ 
resenting  a  meaningful  acceptance  test. 

EXAMPLE  2  COMPARISON  OF  QUALIFICATION 
TEST  TO  FLIGHT  ENVIRONMENT 

Objective  and  Approach 

Another  typical  application  using  the  peak  count 
analysis  was  comparing  a  series  of  qualification  test 
spectra  to  a  predicted  flight  environment,  in  this 
case  a  new  system  design  made  use  of  a  considerable 
number  of  components  qualified  for  other  programs. 
As  a  result  much  of  the  equipment  did  not  meet  the 
qualification  test  requirements  of  the  new  program, 
even  though  they  had  already  been  tested.  In  order 
to  save  the  cost  of  requalifying  this  equipment  a  peak 
count  analysis  was  performed  to  show  that  this 
equipment  was  flight  worthy  for  the  new  program. 

The  approach  used  was  to  compare  the  peak  ex¬ 
ceedence  curves  for  the  qualification  tests  per¬ 
formed  to  the  curves  for  the  predicted  flight  environ¬ 
ments.  If  the  qualification  tost  data  exceeded  the 
flight  environments  on  this  oasis  In  all  frequency 
bands  then  the  box  design  was  considered  flight 
worthy;  otherwise  a  reteyt  would  be  necessary.  For 
most  unite  this  approach  was  sufficient,  however  for 
a  few  of  the  components  the  peak  exceedence  curves 
intersected  as  showr  in  Fig.  7  in  one  or  two  fre¬ 
quency  bands.  Bas^d  on  engineering  judgment  the 
small  amount  cf  overlap  that  resulted  was  not  con¬ 
sidered  significant  and  in  order  to  justify  this  posi¬ 
tion  a  refined  fatigue  argument  was  developed. 

FATIGUE  CONSIDERATIONS 

The  conservative  approach  described  in  the 
former  paragraph  ignores  the  fact  that  fatigue  dam¬ 
age  can  be  traded  off  on  a  amplitude  cycle  basis  by 
application  of  Miner's  Rule  ( 2  J .  The  following 
analysis  was  developed  to  apply  Miner's  Rule  to 
measure  the  fatigue  damage  of  random  vibration, 
based  on  the  peak  distribution  data  obtainable  from 
the  peak  count  analysis.  This  fatigue  life  measure 
was  derived  using  ‘he  base  acceleration  input  and  is 
dependent  upon  the  actual  demonstrated  capability  of 
the  box.  Base  input  was  used  since  this  is  the  most 
convenient  common  interface  between  different  en¬ 
vironments.  Using  actual  test  data  to  define  the 
maximum  capability  of  the  unit  assures  the  conserv¬ 
atism  of  the  analysis,  and  results  in  measuring  the 


fatigue  life  of  the  flight  environment  relative  to  the 
fatigue  life  of  the  qualification  test. 

In  addition  to  the  assumptions  made  ioi  the  peak 
count  analysis  the  following  two  are  also  required: 

1 .  A  fatigue  life  curve  (S-N  curve)  la  a  newer  func¬ 
tion  (straight  tine  on  a  log-log  plot)  passing 
through  the  ultimate  stress  level  at  one  cycle 

2.  The  stress  level  of  internal  components  In  the 
box  is  linearly  related  to  the  base  acceleration 
input 

Tiie  first  assumption  is  sufficiently  conservative  for 
the  range  of  interest  and  therefore  is  considered  ac¬ 
ceptable.  This  is  graphically  shown  in  Fig.  9  which 
plots  the  assumed  range  of  fatigue  life  curves  used 
In  the  analysis  to  the  actual  fatigue  curves  for  alum¬ 
inum  and  magnesium.  As  can  be  seen  the  assumed 
fatigue  curve  range  is  considerably  conservative. 

The  second  assumption  Is  considered  reason¬ 
able  since  the  analysis  is  based  on  the  statistical 
properties  of  random  vibration,  and  the  response  of 
a  simple  oscillator  is  directly  related  to  the  statis¬ 
tical  properties  of  the  base  Input.  Although  an  elec¬ 
tronic  box  is  much  more  complicated  than  a  single 
degree  of  freedom  system,  the  errors  induced  by 
this  simplification  are  not  considered  excessive  and 
using  this  approach  results  in  a  practical  analytical 
procedure. 

The  first  assumption  results  in  a  relation  for 
the  number  of  cycles  to  failure  as 

Nf  =  cS"B 

which  can  also  be  written  as 

Nr  -  <S/SuKfB  (15) 

where 

N.  =  number  of  cycles  to  failure  at 
amplitude  S 

S  =  maximum  stress  level  per  cycle 

Suit  =  u*tlma*e  stress  level  of  specimen 

c  -  proportional tiy  constant  =  Sujt+B 

B  =  slope  of  fatigue  life  curve 

The  second  assumption  implies  that  G/GULT  can 
be  substituted  for  S/Syjt  or 

Nf  -  <G/GULT)"B  (16) 

where 

G  =  base  acceleration  input  (peak  ampli¬ 
tude  per  cyole) 
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Cl'LT  maximum  acceleration  peak  box  can 
withstand  for  one-  peak. 

Equation  <  ltii  gives  :t  measure  or  the  number  of 
cycles  io  failure  as  a  function  of  the  base  accelera¬ 
tion  input  and  the  slope  of  a  fatigue  curve  which  would 
encompass  ail  materials  inside  the  box.  In  order  to 
apply  tills  equation  it  is  necessary  to  derive  values 
for  the  parameters,  B  and  GULT.  To  do  this  use 
is  made  of  Miner's  Rule  and  the  demonstrated 
capability  of  the  box. 

Miner's  Rule  states  that  the  fatigue  life  con¬ 
sumed  can  be  expressed  -as 

FL  Vn./N.  (17) 

i 

where 

FI.  fatigue  life  consumed 

n.  number  of  cycles  occurring  at  some 

1  amplitude  S; 

N.  number  of  cycles  to  failure  at  that 

amplitude  S. 

When  FL  =  1  then  all  the  fatigue  life  has  been  con¬ 
sumed  and  a  failure  can  be  expected.  This  rule  is 
used  in  the  present  analysis  by  assuming  that  the 
fatigue  life  for  the  demonstrated  capability  curve  is 
the  maximum  possible  or  F  Incapability  curve  =  1  • 

If  we  define 

AN(G|  n(g  -  |ag)  -  N(G  -  |ag)  (18) 
where 

N(G)  number  of  peaks  expected  to  exceed 
amplitude  G,  from  peak  count 
analysis 

AN(G)  density  of  or  number  of  peaks  ex¬ 
pected  to  occur  in  interval 
G  -  1/2  AG  to  G  *  1/2  AG  . 

Then  using  Eq.  (16)  for  Nj  results  in 

FL  =  (l/GULT)BVGfAN(G.)capab.my  ,19) 
i 

Since  the  fatigue  life  of  the  qualification  test  is  as¬ 
sumed  to  be  the  maximum  possible,  then  FL  -  1 
and  either  B  or  GULT  can  be  solved  for.  Unfor¬ 
tunately  insufficient  restrictions  exist  in  order  to 
solve  for  both  quantities  so  that  it  is  necessary  to 
assume  a  range  a  of  values  for  one  parameter  and 
then  solve  for  the  second. 

Physically  B  is  related  to  the  slope  of  the 
fatigue  curve,  with  a  range  of  values  from  5  to  20. 
if  B  is  large,  then  the  specimen  has  a  very  flat 
slope  or  experiences  very  little  fatigue  damage  even 
when  exposed  to  amplitudes  near  ultimate.  Since  a 


fixed  distributi-Mi  of  peaks  exists  for  the  demonstra¬ 
ted  capability  data,  which  is  conservatively  acumeri 
to  have  the  maximum  fatigue  life,  then  it  follows  that 
the  ultimate  G  capability  of  the  box  does  not  have  to 
be  ve>y  Urge;  i.e.,  peaks  with  low  amplitudes  do 
not  contribute  significantly  to  the  fatigue  life  con¬ 
sumed  because  of  the  large  number  of  cycles  to  fail¬ 
ure  at  these  low  amplitudes.  Therefore,  an  assumed 
Urge  value  for  B  means  a  small  GULT,  and  em¬ 
phasizes  the  large  amplitude  peaks. 

Assuming  a  small  value  for  B  means  the 
fatigue  curve  drops  very  rapidly,  or  that  nearly  all 
peaks,  regardless  of  amplitudes,  contribute  signifi¬ 
cantly  to  the  fatigue  life  consumed.  Again  since  a 
fixed  distribution  of  peaks  la  assumed  to  huve  a 
fatigue  life  of  ooe.  It  follows  that  the  ultimate  capa¬ 
bility  of  the  box  must  be  very  large  In  order  to  bal¬ 
ance  this  "poor"  fatigue  curve.  Therefore,  a  low 
value  for  B  leads  to  a  large  value  for  GULT ,  and 
emphasizes  the  low  level  peaks  where  most  of  the 
cycles  occur. 

Since  either  of  the  above  situations  is  consid¬ 
ered  possible  for  base  Input  to  a  box,  the  approach 
used  is  to  assume  a  range  of  values  for  B  and  then 
solve  for  the  GULT  value  as  a  function  of  B . 

These  values  for  GULT  are  then  used  in  calculating 
the  fatigue  life  for  the  environment  of  interest,  as  a 
function  of  B .  It  is  important  to  note  that  GULT 
is  a  mathematical  parameter  used  in  comparing  en¬ 
vironments  and  is  not  considered  to  be  a  realistic 
measure  of  the  absolute  physical  capability  of  the 
box. 

An  outline  of  the  overall  procedure  is  as  follows: 

1.  Obtain  AN(Gj)  from  the  peak  count  analysis  for 
exposure  and  capability  environments. 

2.  Assume  a  value  for  B  and  solve  for  GULT 
using  the  demonstrated  capability  curve  and 
Eq.  ( 19)  with  FL  =  1 .  Repeat  for  range  of 
values  of  B  =  2  to  20 . 

GULT®  yG?AN(G.) 

i  i  cap 

3.  Using  the  above  values  for  GULT  obtain  the 
fatigue  life  consumed  during  the  expected 
environments,  i.e.,  exposure. 

FLexp  =  ,l/GULT)B  ^GB  AN(Gj)exp 

4.  If  FL  <  1  for  all  values  of  B,  then  box  has 
sufficient  demonstrated  capability.  Repeat  for 
all  frequency  bands. 

This  analysis  was  performed  for  the  example 
shown  In  Fig.  7  with  the  results  given  in  Fig.  9.  As 
can  be  seen  the  fatigue  life  consumed  during  the 
flight  environments,  relative  to  the  qualification 
test,  increases  at  the  low  and  high  values  of  B, 
corresponding  to  emphasizing  the  high  G  and  low  G 
levels  respectively.  In  both  these  regions  a  small 
amount  of  overlap  occurs.  The  maximum  value 
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calculated  for  the  fatigue  li!.-  s  0.66  at  B  20,  In* 
di eating  Hot  if  this  fatigue  slope  applies  then  the 
worst  case  flight  exposure  will  only  consume  about 
66  percent  of  the  fatigue  life  that  was  demonstrated 
during  the  qualification  test.  By  this  means  it  was 
possible  to  prove  the  flight  worthiness  of  a  number 
of  boxes  and  thus  avoid  unnecessary  retesting  and 
the  associated  costs. 

CONCLUSIONS 

The  peak  count  analysis  represents  a  valuable 
analytical  procedure  in  the  analysis  of  random  vibra¬ 
tin'- .  especially  In  the  field  of  test  requirements  for 
i  uipmerit  mounted  in  missiles  and  space  vehicles. 
Reasonable  justifications  exist  for  the  assumptions 
v.hich  are  necessary  in  developing  and  applying  this 
analysis,  and  v:,th  these  assumptions  a  S’r.iplc  and 
practical  analysis  can  be  performed  from  which  logi¬ 
cal  engineering  conclusions  ear  b«  derived.  Because 
the  analysis^  objectively  accounts  for  both  time  and 
amplitude  as  parameters  it  provides  a  more  realistic- 
means  of  combining  the  effects  of  dissimilar 
environments. 

With  the  use  of  additional  supporting  arguments 
the  general  peak  count  analysis  ean  be  applied  to  a 
wide  variety  of  problems,  of  which  two  examples  are 


presented.  The  first  example  showed  how  the  tech¬ 
nique  can  be  applied  ;o  oerive  an  acoustic  test  spec¬ 
trum  for  ground  tests.  In  the  second  example  a 
fatigue  argument  was  developed,  utilizing  Miner's 
Rule,  In  order  to  conn  are  the  relative  severity  or 
potential  fatigue  damage  of  dissimilar  environments. 

Tire  examples  pointed  out  the  general  methodol¬ 
ogy  of  applying  the  peak  count  analysis.  Use  of  this 
technique  can  result  in  the  removal  of  a  considerable 
amount  of  unnecessary  conservatism  in  the  analysis 
of  random  vibration,  which  leads  to  more  realistic 
flight  predictions,  test  requirements,  and  eventual 
savings  in  system  weigh*,  and  costs. 
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NORMALIZED  PEAK  AMPLITUDE  (G.'GRMS) 


Fig.  1  Comparison  of  Rayleigh  Distribution  and  Flight  Data 
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EXPECTED  NUMBER  OF  PEAKS 
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Fig.  2  Peak  Exceedence  Curves  315  Hz  1/3  Octave  Band 


Number  of  Peaks  Available  for  Acoustic  Testing  315  Hz  1/3  Octave  Band 
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Fig.  4  Definition  of  Lower  and  Upper  Bounds 


Fig.  5 


Derivation  of  dB  vs  Time  Curve 


TEST  TIME  MINUTES 


Fig.  6  Maximum  Test  Amplitude  vs  Time  315  Hz  1/3  Octave  Band 


Fig.  7  Peak  Exceedence  Curves  200  Hz  1/3  Octave  Band 
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STRESS  LEVEL  NORM.',.  [ZED  TO 
ULTIMATE  TENSILE  STRENGTH 


DISCUSSION 


Mr.  I  ri'lnTt  (.It  t  I’r'ijniiMon  l.alHiratory):  Be- 
c  an  scvoii  art'  talking  iiTiout  thr  nuTiiHor  of  peaka 
associated  with  the  levels,  1  wonder  if  you  are  try¬ 
ing  to  run  a  fatigue  test  or  an  equivalent  fatigue 
test. 

Mr.  Wreun:  No.  we  do  not  want  to  run  a  fatigue 
test  at  all.  \Ve  ;  re  just  associating  the  number  of 
peaks  with  essentially  the  wear  that  a  particular 
piece  of  equipment  experiences,  and  we  are  relating 
that  wear  to  eventual  wcarout  ;uid  failure  of  that 
particular  l>ox.  So  we  are  using  it  as  a  tool  for 
t  .aluating  the  accumulative  exposure  that  these 
piect  s  of  cigiipmcnt  see  due  to  random  vibration. 

Mr.  Truliert:  You  could  have  a  very  high  level 
for  a  snudi  number  of  peaks  or  a  low  level  for  a 
high  numlier  of  peaks.  Do  you  assume  it  is  the  same 
thing  ? 

Mr.  Wrenn:  They  are  lioth  handled  the  same- 
way  in  the  analysis.  And  this  is  the  trade-off  that 
you  can  make.  You  can  make  comparisons  this  way 
objectively  rather  than  nonobjectively. 

Mr.  Truliert:  So  this  is  the  same  idea  as  fa¬ 
tigue? 

Mr.  Wrenn:  No.  but  it  is  related  to  fatigue.  1 
should  mention  in  connection  with  this  peak  count 
technique,  that  the  qualification  testing  of  these 
boxes  merely  establishes  a  certain  number  of 
peaks  that  they  have  seen.  They  may  see  far  in 
excess  of  that  lieforc  they  actually  fail.  But  they 
have  not  been  proven  (or  that  increased  number  of 
peaks  because  their  qualification  testing  has  not  dem¬ 
onstrated  it. 

Mr.  C.alcf  (TRW  Systems):  What  weighting 
technique  did  you  use  to  weight  the  large  number  of 
small  peaks  against  the  small  number  of  large 
peaks? 

Mr.  Wrenn:  Just  count  the  peaks. 

Mr.  Galef:  That  is  really  not  sufficient.  Cer¬ 
tainly  two  30.000  psi  peaks  are  more  to  worry  about 
than  one  30,000  psi  peak.  It  is  not  clear  that  two 
30,000  psi  peaks  are  worse  than  one  00,000  psi 
peak. 

Mr,  Wrenn:  First  of  all  we  have  to  realize 
that  we  are  talking  about  levels  that  are  of  the  same 


order  of  magnitude.  If  you  go  to  non-order-of- 
magnitude  levels,  certainly  the  technique  may  break 
down  because  it  assumes  It  Is  linearly  related  to  toe 
total  exposure.  That  may  not  be  the  case  when  a 
box  is  exposed  to  a  very  high  level,  and  then  you 
come  in  with  0.01  or  0.001  of  that  level.  One  must 
examine  the  whole  technique  over  again. 

Mr.  Galef:  1  thought  you  were  trying  to  con¬ 
sider  the  shipping  environment  along  with  the  flight 
environment  and  other  environments.  This  is  not 
the  ease? 

Mr.  Wrenn:  That  is  right,  we  are. 

Mr.  Galef:  But  these  are  orders  of  magnitude. 

Mr.  Wrenn:  Yes,  they  are  oners  of  magni¬ 
tude,  but  we  still  feel  that  the  assumptions  are 
valid  and  at  least  our  flight  measurements  indicate 
that  they  are  valid.  So  you  are  right.  There  are 
some  bands  where  it  goes  over;  we  stretch  it  a 
little  bit.  Sometimes  we  stretch  it  a  lot,  but  it 
seems  to  work.  It  is  a  new  technique,  I  should 
point  out.  We  have  not  done  It  this  way  for  a  long 
time  and  we  are  starting  to  explore  It.  There  are 
lots  of  improvements  that  can  be  made. 

Mr.  Christensen  (Naval  Weapons  Center); 

Y’ou  had  failures  on  qualification  rest  items  prior  to 
using  this  method  of  analysis.  Did  you  use  this 
method  of  analysis  on  spectra  applied  to  your  failure 
samples?  That  is,  you  had  articles  that  failed 
previously  and  you  obviously  had  envelopes  for  them. 
Did  you  count  the  theoretical  peaks  In  these  en¬ 
velopes  and  compare  them  to  the  peaks  you  came  up 
with  here? 

Mr.  Wrenn:  This  technique  in  the  past  has  been 
useful  for  some  very  nutsy-boltsy  type  problems. 

For  example,  someone  might  put  a  piece  of  equip¬ 
ment  on  a  shaker  and,  instead  of  running  for  3 
minutes  for  a  test  or  1  minute  for  an  acceptance 
test,  he  lets  It  run  for  5  minutes,  or  the  shaker 
runs  wild.  So  here  Is  a  person  with  a  box  that 
costs  $60,000,  and  he  wonders  whether  he  can  fly 
it  or  not.  He  wants  to  have  a  little  more  confidence 
that  it  will  perform  properly.  We  use  this  tech¬ 
nique  as  an  engineering  tool.  Just  because  the  peak 
count  says  it  is  no  good  It  does  not  mean  we  are  not 
going  to  fly  it.  We  want  to  take  a  look  at  the  big 
picture. 
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THE  APPLICATION  OF  ANALOG  TECHNIQUES 
TO  REAL  TIME  ANALYSIS  AND  SCREENING  OF  DYNAMIC  DATA 


Roger  C.  Crites 
McDonnell  Aircraft  Co. 
St.  Lcuis.  Mo. 


The  necessity  of  handling  large  amounts  of  dynamic  data  in  order  to  compute  com¬ 
plex  time  variant  parameters  led  to  the  conception  of  highly  specialized  analog  ;o.-nputer 
techniques  which  enable  data  analyses  and  sorting  at  a  small  fraction  of  the  time  and  cost 
requited  by  a  digital  co.npuier.  These  techniques  were  developed  to  facilitate  ground  test 
assessment  of  engine-inlet  compatibility.  The  need  for,  development  and  successful  use  of 
these  techniques  are  described,  and  potential  application  to  such  studies  as  cumulative 
fatigue  damage  and  buffet  are  discussed. 


NTRODUCTION 

The  objective  of  determining  dynamic  engine-inlet  com¬ 
patibility  from  independent  tests  of  engines  and  scale  models  of 
the  proposed  inlets  is  to  permit  selection  of  compatible  designs 
prior  to  full  scale  testing.  Successful  attainment  of  this  objec¬ 
tive  substantially  reduces  the  chance  of  developing  an  engine 
and  inlet  which  work  well  individually  but  do  not  perform  well 
together.  Fortunately,  as  it  turned  out.  the  amount  of  data  re¬ 
duction  required  to  achieve  this  goal  by  the  usual  application 
of  digital  computer  technology  represented  not  merely  a  high 
cost,  but  an  impossible  cost,  both  in  time  and  in  money. 

In  resolving  the  dilemma,  a  useful  philosophy  involving 
the  application  of  special-purpose  analog  computing  techniques 
evolved.  This  philosophy  has  proven  useful  for  other  than  the 
original  application.  It  is  anticipated  <hat  this  cpproach  will  find 
profitable  employment  in  many  other  applications  in  the  aero¬ 
space  in^stry. 


empirical  or  s.-irJ-cripirical  and  are  used  to  establish  distortion 
indices  which  may  be  evaluated  for  any  given  pressure  pattern 
and  indicate  tlw  relative  “goodness”  or  “badness”  of  that 
pressure  pattern  so  far  as  the  engine  is  concerned.  That  is,  a 
particular  pressure  pattern  will  yield  a  numerical  distortion  in¬ 
dex  with  regard  to  a  particular  engine.  If  the  index  is  below  a 
certain  level,  engine  performance  will  be  unaffected,  but  if  the 
index  approaches  this  limit  or  exceeds  it.  engine  performance 
will  suffer. 
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COMPATIBILITY  ASSESSMENT 

With  the  advent  of  high  performance  aircraft  utilizing  an 
tugmented  turbofan  propulsion  unit,  airframe-engine  compati¬ 
bility  has  emerged  as  a  prime  consideration  in  the  selection  of 
airframe  and  engine  designs.  The  very  high  degree  of  compati¬ 
bility  necessary  to  realize  the  full  potential  of  the  aircraft 
necessitates  an  inlet-duct  design  which  presents  the  engine  face 
with  a  relatively  low  level  of  pressure  distortion  inasmuch  as 
the  engine  is  sensitive  to  steady  state  pressure  gradients  and  to 
fluctuations  in  the  pressure  which  b.ve  a  duration  time  at  least 
is  short  as  one  revolution  of  the  compressor.  That  is,  certain 
pressure  patterns  or  distributions  at  the  compressor  face  will 
adversely  affect  engine  performance  if  that  pattern  persists  for 
one  full  revolution  of  the  compressor  or  longer. 

As  shown  in  Figure  I ,  the  independent  determination  of 
compatibility  essentially  involves  determining  whether  or  not 
the  proposed  inlet  design  produces  any  of  the  pressure  patterns 
which  cause  instability  and  loss  of  engine  performance,  and  if 
so,  to  what  extent  and  at  what  conditions.  This  is  accomplished 
by  analyzing  the  pressure  patterns  affecting  engine  operation 
and  generating  explicit  mathematical  models.  The  models  are 
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Figure  I  -  Independent  Selection  Scheme 


Any  inlet  design  which  produces  pressure  patterns  with  a 
very  low  distortion  index  for  a  particular  engine  is  said  to  be 
compatible  with  that  engine.  Any  inlet  design  which  delivers  an 
index  above  the  engine  limit  value  would  result  in  an  aircraft 
which  could  not  fulfill  its  performance  requirements,  and  re¬ 
gardless  of  how  well  the  engine  and  inlet  would  perform 
separately,  they  would  be  incompatible. 

To  determine  the  compatibility  of  an  inlet  design  with  pro¬ 
posed  engines,  a  wind  tunnel  test  of  a  scale  model  of  the  inlet  is 
necessary.  The  compressor  face  location  is  heavily  instrumented 
with  total  pressure  probes.  Each  probe  provides  a  measurement 
of  the  local  mean  total  pressure  component,  and  the  local  fluc¬ 
tuating  or  dynamic  pressure  component.  Fifty  such  probes  at 
the  compressor  face  are  typical  of  the  quantity  of  instrumenta¬ 
tion  employed.  The  dynamic  components  are  recorded  on  a 


iihuuri  bandwidth  multiplex  system  to  provide  a  nrgn  miic 
have  umcMmu  between  all  channels  I  he  steady  sut'  cna- 
pottenl*  are  recorded  by  the  wind  tunnel  digital  data  acquid- 
lum  sy  stem 

From  this  data  the  distortion  indices  must  be  evaluated. 
iVfNcaily  lb*  evaluation  must  mciude  about  5000  samples  per 
second  to  tic  sure  of  containing  the  highest  frequency  of  in¬ 
let  csi.  4  typical  lesi  program  consists  of  about  !000  runs,  each 
Jti  seconds  Ion?,  which  are  necessary  to  cover  the  performance 
envelope  of  the  inlet.  The  instantaneous  pressures  .it  the  SO 
probes  are  used  5000  times  per  second  to  calculate  several  dis¬ 
tortion  indices  For  a  single  iest  program  such  as  this,  the 
quantity  of  raw  data  that  must  be  fen  to  a  digital  computer  is 
about  7.5  tuition  data  values,  or.  for  10  tests,  about  75  billion. 

The  quantity  of  data  to  be  analyzed  is  sUgpning.  And 
even  if  the  money  required  to  process  this  quantity  of  data 
would  have  been  available,  the  time  required  to  complete  the 
job  would  make  the  aircraft  obsolete  before  it  flew.  Further¬ 
more.  even  if  the  actual  data  processing  could  be  done  in  rea¬ 
sonable  time  at  reasonable  cost,  the  result  for  one  tun  in  one 
test  would  be  1 50,000  values  of  each  distortion  index  com¬ 
puted,  or  I  >0  million  values  per  distortion  index  per  lest 
Each  value  must  be  examined  to  determine  if.  at  any  point 
in  the  performance  envelope,  the  inlet  has  produced  a  pressure 
pattern  incompatible  with  the  engine.  If  this  examination  is  to 
tie  performed  by  people,  one  test  would  require  about  125.000 
manhours  merely  to  look  at  the  reduced  data  for  only  one  dis¬ 
tortion  index.  Therefore  the  cost  and  time  required  for  data 
reduc  tion  were  unreasonable,  and  in  any  case,  the  reduced  data 
would  be  more  than  could  be  reasonably  reviewed  even  if  the 
processing  could  be  accomplished. 

It  was  apparent  that  an  entirely  new  approach  was  neces¬ 
sary. 

THE  ANALOG  COMPUTING  EDITOR  APPROACH 

The  new  approach  required  a  minimization  of  the  quantity 
of  data  to  be  reduced  for  assessment.  This  indicated  the  need 
for  a  method  of  identifying  a  small  time  slice  (about  0. 1  sec¬ 
ond!  winch  contained  trie  raw  uata  representing  Inc  worst  pres¬ 
sure  pattern,  or  worst  value  of  distortion  index,  that  occurred 
during  the  entire  run.  and  marking  this  time  slice  on  the  data 
tape.  This  identification  would  allow  selection  of  this  “worst- 
case"  for  digital  processing  of  the  buildup  and  decay  of  the 
worst  distortion  that  occurred  during  the  entire  run.  This  pre¬ 
cise  processing  requires  only  about  3  tenths  of  I  percent  of  the 
data  handling  necessary  to  compute  distortion  parameters  for 
the  full  run.  Knowing  the  worst  that  happened  is  not  quite  the 
same  as  knowing  precisely  what  happened  all  the  time,  but  the 
result  is  (lie  same.  Obviously,  if  the  worst  that  happened  corre¬ 
sponds  'o  a  distortion  index  below  the  level  that  produces  ad¬ 
verse  engine  effects,  the  rest  of  the  run  could  not  produce  ad¬ 
verse  engine  effects,  and  the  inlet  and  engine  are  compatible  at 

rtuil  run  cuildirrc.il.  Likewise.  T  fhv  WO.d  cast  diCUll  r.e-n  index 
ts  above  an  acceptable  level,  the  inlet  and  engine  are  incom¬ 
patible  for  that  run  condition  regardless  of  how  well  the  inlet 
operated  during  the  rest  of  me  run, 

Besides  having  some  sort  of  system  that  locates  and  marks 
ttevr  xt  mnt  Vmw  wn  dMu  Wp*.  it  jx  (hwsrsbt*  to  jm> 

vide  the  engineer  at  the  test  site  with  some  immediate  on-line 


data  to  enable  him  to  sans  the  program  of  the  test.  Without 
this  data,  the  test  ragmett  mmt  proceed  bimdfy,  with  oo  know¬ 
ledge  of  the  occurrence*  during  the  test  until  after  it  u  over. 
Much  time  could  potentiahy  be  saved  by  being  able  to  recognize 
a  problem  while  still  in  the  field  and  take  corrective  action  im¬ 
mediately  rather  than  waiting  several  weeks  after  the  test  to  4*t- 
cxwer  the  need  for  a  minor  change. 

Figure  2  show*  how  both  of  there  goth  were  nccorngiated 
fhe  heart  of  the  system  is  an  analog  computer  which  looks  at 
all  steady  state  and  fluctuating  total  pressures  sbnulUacoinly 
as  the  data  comes  off  the  line,  and  compotes  instantaneous 
values  of  several  distortion  indices  from  instantaneous  v  shies 
of  ail  of  its  total  pressure  input*.  The  lag  tone  associated  with 
the  competition  is  essentially  wr^igjbie.  sn  that  tor  al  practical 
purposes,  the  row  data  and  the  computed  distortion  parameters 
coexist  at  the  same  instant  in  real  time.  As  a  run  ptogicsret,  the 
steady  state  peer  sura  are  sampled  and  remembered. 

The  fluctuating  prose  res  enter  as  time  histories,  and  the 
analog  computer  produces  corresponding  time  hMories  of  the 
distortion  parameters  of  interest.  This  real  time  distortion  is 
available  for  monitoring  by  ergmeering  personnel  on  a  real  time 
display  on  oscilloscopes.  Sections  of  the  time  histories  of  dis¬ 
tortion  parameters  are  also  recorded  ids  immediate  review  as 
oscillograph  traces,  and  a  permanent  record  is  made  via  FM  tape. 
In  this  manner  real  time,  on  site  reduced  data  is  available. 

A  peak  detector  circuit  looks  at  the  output  time  history  of 
each  distortion  parameter,  which  continually  updates  itself 
during  a  run  so  that  its  output  is  always  equal  to  the  highest 
value  of  distortion  index  that  has  occurred  up  to  that  point  in 
the  run.  At  the  end  of  the  run  a  button  is  pushed  and  the  high¬ 
est  value  of  each  distortion  index  that  occurred  during  that  run 
is  displayed  on  a  digital  panel  meter  and  printed  for  permanent 
record  by  a  digital  printer.  The  peak  detector  is  then  met  prior 
to  the  initiation  of  the  subsequent  run.  The  time  history  and 
worst  value  of  distortion  arc  therefore  avai’able  on-line  in  real 
time  as  the  test  proceeds. 

In  order  to  determine  when  the  worst  case  occurs  and  mark 
the  raw  data  tape  at  that  instant,  a  in.  crossing  t  jmpaiaioi 
and  pulse  shaping  network  look  at  the  output  of  the  peak  de¬ 
tector.  When  a  peak  in  distortion  exceeds  the  value  locked  in 
the  peak  detector,  the  peak  detector  updates  to  the  higher 
value,  causing  the  comparator  to  emit  a  pulse.  The*  shapwg  net¬ 
work  shapes  the  pulse  into  an  easily  recognized  electronic  flag. 
This  flag  is  recorded  on  the  Vidar  multiplex  system  on  a  blank 
track.  Since  the  raw  data  is  recorded  on  the  other  tracks  cf  the 
Vidar  system,  and  since  negligible  time  has  elapsed  from  the 
time  the  raw  data  which  caused  the  peak  in  distortion  occurred 
until  the  resulting  pulse  or  flag  was  recorded,  the  electronic 
marker  on  the  raw  data  tape  locates  the  position  of  the  pres¬ 
sure  data  which  caused  a  peak  higher  than  any  preceding  peaks 
in  that  particular  distortion  index.  The  result  is  a  series  of 
purses  r .tvotrled  on  (tit  iis  theta  tspt.  br.1i  s uc. .cuing  puts, 
marks  the  time  that  a  new  high  in  distortion  occurs.  When  the 
worst  case  occurs,  the  peak  detector  locks  that  value  in,  and 

»iitc  it  is  Iliv  Worst  last,  it  *  ifi  ,iul  update  again  u.itd  i.ldiiU- 

ally  reset  for  the  next  run.  Therefore,  the  last  pulse,  which  is 
generated  when  the  peak  detector  detects  the  worst  case, 

tfi*’  lot  rftetv  of  Itw  data  cormponift.igt'>  Kw  worst 
distortion,  or  worst  pressure  pattern  in  that  run. 
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Figure  2  -  Total  System  Application 


When  the  recorded  raw  date  is  analyzed  (post-test),  the 
data  tape  is  run  backward  and  the  critical  pulse  marker  t  rack  is 
monitored.  When  the  first  pulse  occurs  (which  will  be  the  worst 
case  pulse  because  the  tape  is  running  backward),  an  automatic 
delay  system  puts  another  electronic  flag  on  the  tape  about  50 
milliseconds  after  the  pulse.  Since  the  tape  was  running  back¬ 
ward.  this  new  marker  pulse  is  actually  50  milliseconds  prior  to 
the  time  of  oc.unence  of  the  worst  case  distortion.  The  tape  is 
now  reversed  and  run  forward.  When  me  new  marker  pulse  is 
encountered,  100  milliseconds  of  digitization  automatically  be¬ 
gin.  This  time  slice  that  is  digitized  contains  at  its  center  the 
data  which  reflects  the  worst  pressure  pattern  occurring  during 
the  entire  run. 

This  digitized  worst  case  time  slice  is  used  to  obtain  com¬ 
putations  of  the  distortion  parameters,  and  to  generate  pressure 
contour  maps  revealing  the  physical  pressure  pattern  responsi¬ 
ble  for  the  worst  case-distortion  index.  The  values  of  distortion 
index  obtained  by  the  digital  computer  can  then  be  compared  to 
that  portion  of  the  distortion  index  time  history  generated  by 
the  analog  computer.  A  typical  example  ot  the  results  of  this 
sort  of  comparison  is  shown  in  Figur  e  3  for  two  different  dis¬ 
tortion  parameters.  Typically,  the  deviation  between  the  worst 
case  distortion  index  obtained  by  the  analog  computer,  which 
is  available  on-line  in  real  time  as  the  test  proceeds,  and  the 
value  obtained  by  the  digital  computer  from  the  raw  data  dur¬ 
ing  post-test  operation,  is  about  5  percent. 

Figure  4  is  a  photograph  of  the  analog  computer,  which 
occupies  three  19-inch  racks.  The  electronic  components  util¬ 
ized  in  the  fabrication  of  this  device  are  standard,  off-the-shelf 
items,  such  as  integrated  circuit  operational  amplifiers,  diode 
function  generators,  diode  selection  networks,  etc.  The  straight¬ 
forward  design  of  the  computer  system  can  be  illustrated  b>  a 
block  diagram  schematic  of  one  of  the  simplest  distortion 
parameters  that  has  been  used. 


Figure  3  -  Comparison  of  Analog  and  Digital  Computation 


Figure  4  -  The  Combined  Analog  Computing  S\  stem 
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Figure  5  ■  Analog  Calculation  of  MID 


The  parameter  chosen  for  the  purpose  of  illustration  is  de¬ 
nned  by  Equation  (I) . 


MID  = 


(I) 


where  MID  is  the  maximum  instantaneous  distort  ion,  Ptm_^  is 
the  instantaneous  maximum  total  pressure  at  the  compressor 
face,  P|mjn  is  the  minimum  instantaneous  total  pressure,  and 
P|-  is  the  average  value  of  the  steady  state  component  of  the 
total  pressure.  This  parameter  is  by  far  the  simplest  of  the  five 
parameters  normally  calculated  with  the  analog  computer. 

As  seen  in  Figure  5,  the  steady  state  values  of  total  pres¬ 
sure  enter  Block  I  and  are  maintained  by  a  sample-and-hold  cir¬ 
cuit.  The  fluctuating  pressure  components  enter  Block  2,  where 
they  are  summed  with  the  steady  state  values  to  produce  the 
true  dynamic  pressure  distribution  in  the  inlet.  This  true  dynamic 
distribution  is  delivered  simultaneously  to  Blocks  3, 4,  and  S. 
Blocks  3  and  4  are  diode  selection  networks  which  pass  to 
Block  7  values  of  the  maximum  and  minimum  instantaneous 
pressure.  Block  $  averages  all  of  the  dynamic  pressures  and 
Block  6  removes  the  remaining  fluctuating  component  to  reveal 
P|,  which  is  passed  to  Block  7.  In  Block  7,  Pt  -  Pt  . 
is  obtained,  after  which  the  indicated  division"!!  accomplished 
with  the  aid  of  logarithmic  diode  function  generators.  The  re¬ 
sultant  MID  time  history  is  displayed  on  the  real  time  distortion 
display,  recorded  on  tape  and  peak-detected.  The  output  of  the 
peak  detector  is  viewed  on  a  digital  panel  meter  and  printed  on 
a  digital  printer,  and  it  is  used  to  drive  the  critical  time  pulse 
marker,  as  illustrated  in  Figure  6,  to  flag  the  worst  case  occur¬ 
rence  on  the  raw  data  tape.  The  various  other  parameters  which 
ine  computer  system  employs  are  calculated  in  much  the  same 
manner  but  are  considerably  more  involved. 
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Figure  6  -  Peak  Detection  - Critical  C  dition  Pukes 


i  ne  analog  computer,  as  shown  in  Figure  4,  has  been  suc¬ 
cessfully  used  on  seven  major  wind  tunnel  test  programs,  and 
will  continue  to  be  used.  This  system  provided  on-line,  real 
time  reduced  data  with  an  uncertainty  of  about  5  percent.  It 
also  edited  and  marked  the  raw  data  tape  so  that  the  time  re¬ 
quired  to  digitally  obtain  an  analysis  of  the  worst  thing  that 
happened  in  each  run  was  reduced  by  more  than  two  orders  of 
magnitude  with  corresponding  monetary  benefits. 
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OTHER  ANALOG  SYSTEMS  USED 

Twc  other  uMogiytfcmsknc  been  employed  with  a 
huge  mewre  of  hccw.  The  fint  was  developed  when  it  was 
dricovered  that  a  cowiderable  quantity  of  data  from  a  wind 
tunnel  teat  had  been  used  to  calculate  tome  parametric  time 
histories,  and  after  the  data  reduction  arm  completed,  the 
ieOmOom  of  the  pmameten  were  dightly  changed.  It  appeared 
that  the  new  definitions  would  have  to  be  programmed  and  the 
parametric  time  hiatoriea  amply  recalculated  from  the  raw  data. 
Unfortunately,  time  was  not  available  to  accomplish  this  re- 
computation.  A  small  analog  unit  was  then  developed  to  apply 
different  weighting  functions  to  the  various  parameters  for 
obtaining  an  output  parametric  time  history  which  corre¬ 
sponded  to  the  new  definitions.  Tapesof  the  obsolete  para¬ 
metric  time  history  were  played  into  the  analog  device,  and  the 
output  of  the  system  was  recorded  on  another  tape  deck.  In 
this  way  the  updated  reduced  data  was  obtained  in  4  days  (in¬ 
cluding  design  and  fabrication  of  the  analog  device)  as  opposed 
to  the  estimated  2  weeks  required  to  recompute  from  the  raw 
data. 

The  other  system  was  developed  in  response  to  the  need 
for  obtaining  the  average  value  of  many  true  rootmean-square 
(RhLS.)  pressures  in  an  miet  model.  An  estimate  of  the  cost 
and  time  to  digitize  and  compute  the  avenge  R.M.S.  with  a 
digital  computer  was  compared  to  the  time  and  cost  to  com¬ 
pute  the  same  parameter  on-line  with  a  special-purpose  analog 
computer.  The  analog  computer  provided  much  greater  *ime 
savings.  The  analog  system  would  also  provide  reduced  data  on¬ 
line  as  the  test  proceeded.  Cost  comparisons  revealed  that  the 
analog  approach,  including  the  coat  to  build  the  system,  was 
nearly  one  order  of  magnitude  lower  than  the  cost  to  digitize 
and  utilize  a  large  digital  computer.  Therefore,  even  if  the 
analog  unit  was  used  on  only  one  test  and  then  junked  (it 
wasn’t),  a  considerable  savings  in  money  and  time  would  be 
realized.  The  analog  system  was  built  and  used  successfully  for 
several  test  programs. 

It  must  he  conceded  that  the  computational  accuracy  of 
the  digital  computer  exceeds  that  of  the  analog  approach.  But, 
with  present  integrated  circuit  technology  and  careful  circuit 
design,  analog  computational  accuracy  can  be  kept  within  about 
2  percent  for  most  applications.  When  the  equations  being  per¬ 
formed  are  fairly  involved,  as  with  some  pressure  distortion 
parameters  where  calculation  of  Fourier  coefficients  (among 
other  things)  become  involved,  the  calculation  accuracy  may 
drop  a  few  percent.  The  average  true  R.M.S.  analog  system  de¬ 
scribed  was  verified  as  having  a  worst  case  computational  error 
of  about  1  percent. 

It  must  be  remembered  that  calibration  of  dynamic  pres¬ 
sure  transducers  seldom,  if  ever,  provides  for  less  than  2  percent 
uncertainty  in  the  raw  data.  The  need  for  extreme  calculation 
accuracy  in  such  a  case  is  questionable.  However,  even  if  ex¬ 
treme  accuracy  is  required,  an  analog  system  can  perform  the 
function  of  editor,  providing  for  a  much  more  streamlined 
digital  reduction  program,  and  still  obtain  a  net  savings. 

Experience  to  date  with  dynamic  data  manipulation  sug¬ 
gests  the  following  philosophy  (as  shown  in  Figure  7):  If  a 
small  quantity  of  dynamic  data  is  to  be  manipulated,  the  cost 
of  fabricating  an  analog  system  is  not  warranted,  and  digital 
data  reduction  will  prove  most  economical.  If  a  large  quantity 
of  data  is  to  be  handled  and  a  calculation  uncertainty  of  2  per¬ 
cent  is  acceptable,  a  special-purpose  analog  device  can  usually  be 


fabricated  to  accomplish  the  dewed  data  reduction  m  much 
le*  toe.  and  at  a  considerable  com  savings.  If  a  huge  quantity 
of  data  it  to  be  analyzed  but  great  accuracy  of  calculation  is 
necessary,  it  may  be  pomibie.  depending  on  the  nature  of  the 
analysis  to  be  carried  out ,  to  perform  on-line  editing  of  the  raw 
data  and  then  use  digital  computation  on  only  critically  im¬ 
portant  data  samples. 


Figure  7  -  Reduction  of  Dynamic  Data 


ANALOG  APPLICATIONS  UNDER  CONSIDERATION 

The  analog  approach  is  presently  being  considered  for  ap¬ 
plication  to  cumulative  fatigue  damage  estimates  and  bulTet 
studies.  Many  schemes  have  been  wotted  out  for  the  estimation 
of  cumulative  fatigue  damage.  Two  of  the  most  promising  ap¬ 
proaches  will  be  discussed  here  to  illustrate  the  possibilities. 

The  first  scheme,  illustrated  in  Figure  8.  uses  a  spectral 
weighting  approach  to  estimate  cumulative  fatigue.  Stress,  ob¬ 
tained  from  a  properly  located  strain  gage,  is  passed  through  an 
instrumentation  amplifier.  Block  I ,  and  on  to  Blocks  2  and  7. 
The  Fourier  transform  of  the  stress  time  history  is  obtained  in 
Block  7  for  about  200  center  frequencies  simultaneously,  over 
an  incremental  data  time  T.  The  transform  is  converted  into 
power  spectra  in  Block  8  at  the  200  center  frequencies  and 
passed  to  Block  9,  which  generates  the  parameter  wnT/2»Nn. 
wn/2»  is  the  Nth  center  frequency  fc  ,  and  T  is  the  time  incre¬ 
ment  for  which  the  transform  was  obtained.  <jnT/2i  is  there¬ 
fore  the  product  of  time  and  frequency,  or  effectively,  the  num¬ 
ber  of  cycles  which  have  occurred  at  that  center  frequency  for 
one  calculation  time  T.  N„  is  the  weighting  factor  for  the  power 
which  must  be  ascertained  from  experimental  data,  and  repre¬ 
sents  the  number  of  cycles  to  failure  if  that  power  amplitude 
were  maintained.  u»nT/2*Nn  is  therefore  the  linear  propor¬ 
tional  damage  sustained  during  time  T,  in  the  bandwidth 
centered  at  fC(J.  The  proportional  damage  contained  in  the 
entire  spectra  ts  then  summed  in  Block  10  and  accumulated. 

As  time  proceeds,  the  circuit  operates  sequentially  and  updates 
the  estimated  fatigue  damage  at  T  intervals.  This  approach 
might  be  applied  to  structures  where  the  loading  is  random  or 
nearly  random.  Failure  would  be  expected  as  the  accumulated 
fatigue  index  approaches  unity. 

Blocks  2,  3, 4,  S,  and  6  do  not  concern  fatigue  damage, 
but  represent  an  overload  protector.  Block  2  takes  the  absolute 
value  of  the  stress,  and  Block  3  is  a  peak  detector  which  main¬ 
tains  an  output  equal  to  the  highest  stress  peak  that  has  oc¬ 
curred.  If  the  maximum  stress  exceeds  the  limit  level  which  is 
set  at  Block  5,  the  comparator.  Block  4,  activates  an  alarm 
circuit  which  notifies  concerned  personnel  that  the  item  in 
question  is  being  subjected  to  loads  which  could  cause  immedi¬ 
ate  and  catastrophic  failure,  not  from  fatigue  but  from  a 
simple  overload. 
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This  discrete  approach  is  being  considered  for  application 
to  a  protection  system  for  internal  balance*  which  arc  used  to 
measure  fora  and  moments  or.  sale  model  aircraft  in  wind  tun¬ 
nel  tests.  A  aeries  of  potentially  catastrophic  structural  failures 
of  the  balance  components  led  to  a  failure  analysis  which  indi¬ 
cated  that  these  failures  were  doc  to  fatigue,  ft  is  anticipated 
that  a  fatigue  and  overload  device  such  as  shown  in  Figure  9, 
together  with  an  adequate  inspection  system,  could  eliminate 
the  danger  of  a  catastrophic  failure  and  possible  loss  or  damage 
to  a  very  expensive  model  and  an  even  more  expensive  wind 
tunnel. 

Application  of  analog  tcchniq  res  to  buffet  is  still  in  the 
specula’hre  stage,  but  may  have  real  potential.  Under  considera¬ 
tion  at  the  present  time  is  a  scheme  which  yields  on-line  statis¬ 


tical  analysts  of  many  channels  of  fluctuating  pressure  data 
simultaneously.  Abo  being  cotridered  is  a  system  that  would 
allow  the  enpneer  to  obtain  cross-correlations  between  groups 
of  pressure  cells,  thereby  correlating  integrated  force  patterns 
rather  than  individual  pressures.  The  preliminary  circuit  design 
and  cost  analysts  on  these  systems  are  not  complete,  and  it  is 
therefore  not  known  whether  or  not  they  are  economically 
feasible. 

SUMMARY 

Experience  at  McDonnell  Aircraft  Company  has  proven 
that  in  many  cases  a  special-purpose  analog  device  can  be  con¬ 
structed  and  used  to  reduce  dynamic  data  and/or  .uonitor  and 
edit  raw  data  for  later  digital  c  mputer  application  with  sub¬ 
stantial  savings  in  both  lime  and  money. 
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SHOCK  LOADING  AND  HOLOGRAPHIC  INTERFEROMETRY  IN  NET 


R.  L.  Johnson,  R.  Aprahauian  and  P.  C.  Bhuta 
TRW  Systems  Group 
Redondo  Beach,  California 


A  brief  susmary  of  the  principles  of  holography  and  holographic 
Interferometry  using  both  the  continuous  and  pulsed  laser  Is  given. 
Photographs  of  the  holographic  lnterferograms  obtained  of  waves 
propagating  in  beans  and  plates  are  Included.  The  surface  dis¬ 
place  seat  of  the  bodies  was  obtained  from  the  hologram  at  specific 
times  and  is  compared  with  calculated  results.  The  calculated  and 
experimental  results  show  excellent  agreement.  Finally,  an  appli¬ 
cation  of  pulsed  laser  holographic  Interferometry  to  nondestructive 
testing,  a  subject  of  great  current  Interest,  is  included. 


INTRODUCTION 

Pulsed  laser  holographic  Interferometry 
offers  an  excellent  method  for  the  study  of 
dynamic  events.  The  utility  of  pulsed  laser 
holographic  Interferometry  is  due  to  the  in¬ 
tensity  and  rapidity  of  the  light  pulses  pro¬ 
duced  by  the  n*y  laser.  Sufficient  Intensity 
for  the  construction  of  e  hologram  can  be  ob¬ 
tained  using  pulse  widths  of  as  small  as  30 
nanoseconds  and  the  pulses  can  be  produced  at 
intervals  as  small  as  1  microsecond.  As  a 
result  the  entire  process  of  constructing  e 
doubly  exposed  hologrsphlc  lnterferogram  can 
be  cospleted  In  e  time  (^10" 6  seconds)  short 
cohered  with  the  period  of  netural  events. 

Thus  no  special  precautions  need  to  be  taken 
to  ensure  stability  of  platform  or  ambient 
air  as  is  necessary  when  using  continuous 
weve  (cw)  laser  holography.  By  employing 
suitable  filters  and  shutters  pulsed  laser 
holographic  Interferometry  can  be  performed  in 
a  normal  daylight  work  environment. 

This  paper  contains  the  results  of  psveral 
experiments  to  measure  the  surfece  dlaplecement 
caused  by  the  inject  loading  of  beams  and 
pletes.  The  Impact  loading  was  effected  by 
striking  the  surface  of  the  object  using  a 
ballistic  pandulum.  Reference  exposure  of  the 
surfece  was  mtde  just  prior  to  Intact.  Subse¬ 
quent  exposure  of  the  film  to  the  ruby  laser 
after  selected  time  Intervals  resulted  In 
lnterferograma  giving  the  displacement  of  the 
surface  at  that  Instant.  By  making  several 
sequentiel  holograms  the  displecement  time 
history  of  the  surface  wave  can  be  recorded. 

The  data  obtained  ere  very  accurate  since  no 
Instrumentation  need  be  mounted  on  the  test 
object  and  errors  inherent  in  accelerometer  or 


strain  gages  calibration  are  avoided. 

When  the  plate  or  beam  is  not  mechanically 
homogeneous,  that  Is,  It  contains  voids  or 
cracks,  the  holographic  lnterferograma  obtained 
contain  a  record  revealing  the  presence  of  the 
Imperfection.  This  is  because  Imperfections 
In  the  material  scetter  or  diffract  the  Im¬ 
pinging  wavefront  and  act  as  a  secondary  source 
which  produces  e  wevefront  thet  Interferes  with 
the  weve  produced  by  ballistic  impact.  As  a 
result  imperfect  panels  or  plates  will  display 
a  characteristic  signature  on  the  hologrephlc 
lnterferogram.  The  signeture  can  be  used  to 
determine  the  presence  of  voids,  cracks  or 
isperfectlons  In  both  homogeneous  and  conposlte 
materials.  Thus  a  nondestructive  testing  tech¬ 
nique  of  potential  wide  applicability  Is  availa¬ 
ble  for  the  purpose  of  inspecting  structures. 

An  experiment  was  performed  using  a  com¬ 
posite  beam  fabricated  of  aluminum  pistes  and 
aluminum  honeycomb.  Selected  areas  of  the 
honeycomb  were  debonded  from  the  plate.  A 
pulsed  laser  holographic  lnterferogram  was  made 
of  the  surface  of  the  plate  to  record  the  wave 
induced  by  Impact  of  a  ballistic  pendulum. 

The  lnterferogram  clearly  showed  the  existence 
of  the  debonded  areas. 

TECHNIQUE  OF  HOLOGRAPHY 

The  term  “holography"  is  used  to  describe 
a  means  of  recording  the  amplitudes  and  phases 
of  waves,  such  as  light  waves  or  sound  waves. 
Holography  originated  with  Gabor  (Ref.  1)  who 
pointed  out  the  possibility  of  recording  (on  a 
piece  of  photographic  film)  the  amplitudes  and 
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phases  of  coherent,  monochromatic  lij.ht  waves 
transmitted  through  a  transparent  object.  By 
then  projecting  light  through  the  photographic 
film  (which  is  called  a  "hologram")  it  is 
possible  to  reproduce  a  three-dimensional  image 
or  the  original  object. 

The  reproduction  of  images  as  Gabor  sug¬ 
gested  become  practical  with  the  advent  of  the 
laser  as  a  source  of  monochromatic,  coherent 
ligut.  In  1964,  Leith  and  Upatuieks  (Kef.  2) 
demonstrated  that  a  three-dimensional  image  of 
an  opaque  object  could  be  reconstructed  in  a 
manner  similar  to  that  proposed  *»y  Gabor. 

Figure  1  shows  a  typical  set-jp  cf  the  appa¬ 
ratus  used  in  the  Leith  and  Upa. nieks  holo¬ 
graphic  method. 

In  making  the  hologram,  the  light  waves 
from  the  object  (object  beam)  interact  with 
the  light  from  the  mirror  (reference  beam) . 

When  the  light  from  the  mirror  is  in  phase  with 
the  light  from  the  object,  the  waves  add; 
conversely,  the  waves  cancel  one  another  when 
they  are  out  of  phase.  This  type  of  Inter¬ 
action  results  in  variations  in  the  intensity 
of  the  light  striking  the  photographic  film 
(these  are  spatial  variations  in  intensity,  in 
the  plane  of  the  hologram.)  Since  photographic 
fils  reacts  to  the  intensity  of  light  impinging 
on  it,  the  exposed  film  gives  a  permanent 
record  of  the  interaction  of  the  two  light 
beans. 

To  reconstruct  the  image  of  the  object 
from  the  hologram,  the  developed  photographic 
film  is  illuminated  with  any  monochromatic 
light  source,  e.g. ,  the  original  laser.  How 
the  light  interacts  with  the  hologram,  and  the 
result  is  a  three-dimensional  image  of  the 
original  object. 


HOLOCRAPHIC  IHTERFEROMETRY 

Although  image  reconstruction  was  one  of 
the  fir3t  applications  of  holography,  a  tech¬ 
nique  that  has  sire  potential  from  a  research 
standpoint  is  "double-exposure  holography," 
which  is  one  form  of  holographic  Interferometry 
(Kef.  3).  The  essential  ideas  are  as  follows: 
first  make  a  hologram  of  the  object  you  wish  to 
examine;  then  subject  the  object  to  loads  which 
cause  it  to  deform,  and  expose  the  same  hologram 
for  a  second  time.  Now  when  this  "double-ex¬ 
posed  hologram”  is  developed  and  then  illtxai- 
nated,  two  images  are  produced:  one  is  from  the 
undeformed  body,  the  other  from  the  deformed 
body.  These  light  waves  (which  form  the  two 
images)  Interact  with  one  another,  thereby 
creating  interference  fringe  patterns.  By  ana¬ 
lyzing  the  fringe  patterns,  one  can  determine 
the  surface  deformations  of  the  body,  which  were 
caused  by  the  applied  load.  Haines  and 
Hildebrand  (Ref.  4)  give  expressions  which  show 
how  to  relate  the  interference  fringes  with  the 
surface  deformations  of  the  object.  An  exten¬ 
sive  mathematical  description  of  holographic 
interferometry  was  presented  recently  in  Ref.  5. 

SHOCK  LOADING  OF  BEAMS  AND  PLATES 

Holographic  interferometry  is  exemplified 
by  pulsed  laser  holography,  which  was  used  to 
record  transverse  waves  propagating  in  beams 
and  plates.  First,  the  laser  was  pulsed  once 
to  expose  the  hologiam  to  the  stationary  target. 
Then  a  stress  wave  was  initiated  in  the  target, 
and  a  second  laser  pulse  was  timed  to  expose  the 
hologram  when  the  wave  had  traveled  a  given 
time. 

The  beam  (6061-T6  Aluminum)  used  in  this 
study  measured  6’  long  x  1"  wide  x  1/4"  thick. 


Laser  Laser 


Figure  1  Left;  Image  Recording  Process 
Right:  Image  Retrieval 
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Th*  exparlmantal  act  19  used  to  obtain  the 
holographic  iatsrfsrograas  of  the  transverse 
stress  waws  in  the  be  as  Is  shown  in  Figure  2. 


Q(t)  Impulse 


Pulsed  rtuby  Laser 


Figure  2  Schematic  of  Optical  Arrangement 


Referring  to  Figure  2,  light  la  passed  from  the 
pulsed  laser  through  a  negative  lens  and  thence 
to  the  front  surface  of  the  specimen .  This 
light  reflects  froa  the  specimen  and  fores  the 
scene  beam  for  the  hologram.  Some  of  th>  light 
reflects  from  the  first  surface  of  the  negative 
lens  and  is  directed  by  mirrors  to  serve  as  the 
reference  beam  for  the  hologram.  A  continuous 
wave  laser  was  used  to  align  the  lens  and 
mirror  arrangement  and  thereby  Insure  mi  form 
Illumination  of  the  specimen  and  the  hologram. 

A  basic  experimental  problem  which  had 
to  be  overcome  was  to  pulse  the  laser  at  a 
particular  time  delay.  A,  after  initiation  of 
the  wave.  The  timing  of  the  laser  was  accom¬ 
plished  electronically,  using  two  oscilloscopes 
with  variable  time-delays. 

The  test  procedure  was  to  first  pulse  the 
laser  and  make  a  hologram  of  the  stationary 
beam,  then  release  the  pendulum  and  Initiate 
the  timing  sequence  to  again  expose  the  holo¬ 
gram  when  the  flexural  wave  was  in  the  beam. 
Several  lnterferograms  were  made  in  this  fash¬ 
ion,  with  time  delays  of  12.5,  25,  and  50  usee 
after  initiation  of  impact.  These  double-expo¬ 
sure  lnterferograms  were  later  reconstructed 
by  a  continuous-wave  laser  and  then  photo¬ 
graphed.  The  resulting  photos  are  shown  in 
Figure  3.  Qualitatively,  the  fringes  represent 
constant  displacement  curves.  It  is 


interesting  (but  not  surprising)  to  note  that 
at  12.5  usee  sfter  1 apart  the  beam  acted  much 
like  a  piste.  This  Is  evidenced  by  the  geome¬ 
try  of  the  fringe  pettera,  l.e. ,  circular.  At 
later  tines,  l.e.,  25  and  50  usee  after  iopact, 
the  fringes  indicate  the  transverse  wave  is 
very  much  plane. 

These  resulting  Interferogrees  may  be 
interpreted  to  provide  quantitative  data  regard¬ 
ing  the  surface  deformations  of  the  beam  result¬ 
ing  from  the  inpact.  It  may  be  shown  (Ref.  6) 
that  an  Interference  fringe  forms  whenever  the 
displacement,  w,  satisfies  the  condition 

u  _ &L.-JU j_.  ,  ,  3 

w  2(cos91  +  cos02)  *  n 


where 

X  »  wavelength  of  the  laser  light, 

6943X. 

j  “  angle  between  the  displacement 
vector,  tf,  and  the  light  illumi¬ 
nating  the  heam. 

6 2  “  angle  between  the  displacement 

vector,  7,  and  the  light  reflecting 
from  the  beam  to  the  hologram. 

Data  reduction  from  the  lnterferograms  shown  in 
Figure  3  is  presented  in  Figure  4.  Also  shown 
In  Figure  4  Is  the  beam  displacement  as  deter¬ 
mined  by  a  computer  program.  The  model  used 
for  the  computer  program  was  a  one-dimensional 
beam.  This  accounts  for  the  greater  discrep¬ 
ancy  at  early  times  (l.e.,  12.5  nsec  when  the 
actual  beam  acted  more  like  a  plate)  than  at 
later  times. 

The  same  experimental  set  up  used  to  study 
the  beam  was  used  to  study  transverse  wave 
propagation  in  plates.  The  plate  used  for  this 
study  was  made  from  stock  aluminum  (6061-T6) 
measuring  12"  square  ny  1/8”  thick.  The 
experimental  procedure  and  data  reductions 
techniques  described  for  the  beam  are  Identical 
for  the  plate.  Eight  separate  holographic 
lnterferograms  were  made  of  the  transverse 
waves,  differing  only  in  time  delays,  viz  10, 

20,  40,  60,  80,  130  and  150  nsec  after  impact. 
The  resulting  lnterferograms  are  shown  in 
Figures  5  and  6.  On  at  least  two  occasions, 

130  and  150  tsec,  the  leading  front  of  the 
stress  pulse  reflected  from  the  edges  of  the 
plate  and  began  to  propagate  back  toward  (but 
not  reaching)  the  center.  This  is  evidenced  by 
the  "rippled"  behavior  jf  the  fringe  patterns  on 
the  lnterferograms.  The  data  reduced  from  these 
lnterferograms  are  compared  with  theoretical 
displacement  curves  generated  by  a  computer 
program.  Figures  7  and  8.  Two-dimensional 
plate  theory  was  used  to  model  the  plate  for 
the  computer  program.  As  is  evidenced  by 
Figures  7  and  8,  good  agreement  was  achieved. 

An  experiment  was  performed  at  TRW  using 
pulsed  laser  holographic  interferometry  to 
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Holographic  Interferograns  of  a 
Bending  Wave  In  a  Claaped-Claaped 


Lateral  Deflection,  Inches 


Figure  4  Lateral  Deflection  (y)  vs,  Distance  Along  the  Beam  (x) 
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(d)  a  *  60  usee 


(c)  a  * 

Figure 


40  usee 

5  Interf erograms  Showing  Bending  Weve  in  the  Plate 
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(c)  a  *  130  use 

Figure  6  Interferograms 


(d)  a  =  150  usee 


wing  Bending  Wave  in  the  Plate 
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Transverse  Deflection,  v  (Inches) 


Transverse  Deflection,  w  (inches)  Treneveree  Deflection,  w  (Inches) 


Calculations 


Figure  8  Measured  and  Calculated  Deflection  Shapes  (Later  Times) 
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noode  true lively  test  a  hooey  cos*  panel.  The 
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Figure  9  Experimental  Setup  to  Inspect  Honeycomb 
Panels  with  Pulsed  Lasers 
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Figure  10  NDT  of  Honeycomb  Panels 

a)  Top  view  of  panel  showing  the  core 

b)  Front  view  of  panel 

c)  Holographic  interferogram 
showing  defects  in  the 
honeycomb  panel 
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DISCUSSION 


Mr.  Ashley  il'niversitv  of  Birmingham):  Is  it  a 
very  tedious  procedure  to  get  from  the  hologram  to 
the  displacement  data,  or  is  there  some  sort  of 
automatic  data  processing  involved? 

Mr.  Johnson:  It  is  tedious  the  way  we  did  it  on 
this  particular  case.  We  finger  counted  or  hand 
counted  the  fringes.  We  thought  of  techniques  where 
you  might  use  a  thin  pencil  light  in  a  photocell  to 
scan  it  and  count  fringes  in  a  raster  -  like  pattern 
very  quickly.  I  do  not  know  that  such  a  device  is 
actually  working  though. 

Mr.  Ripperger  (University  of  Texas);  Can  you 
get  absolute  values  of  the  displacements  or  are 
these  all  relative  ? 

Mr.  Johnson:  The  ones  you  saw  are  absolute 
because  the  first  exposure  of  the  holographic  film 
was  made  before  the  beam  had  moved.  You  can 
obtain  a  relative  exposure,  too.  You  can  make  the 
first  exposure  while  the  beam  is  in  motion  and  then 
make  subsequent  exposures,  say,  a  microsecond 
later.  In  this  case  the  Interference  fringes  cor¬ 
respond  to  the  displacement  between  the  two  ex¬ 
posures. 

Mr.  Ripperger:  Then  you  could  also  get  dis¬ 
placement  results  if  the  surface  you  are  viewing 
moves  as  a  plane  and  you  do  not  have  any  fringes? 

Mr.  Johnson:  Yes,  you  can  measure  in-piane 
displacements.  We  have  measured  both  in-plane 
and  out-of-plane  displacements. 

Mr.  Ripperger:  That  wa3  not  what  I  meant.  If 
the  surface  that  you  are  looking  at  moves  as  a  plane 
you  will  not  see  any  fringes. 


Mr,  Jotmaon:  That  la  right.  You  have  to  have 
a  reference  point.  To  picture  the  mushroom  in 
principle  would  allow  you  to  find  a  displace  me  at  at 
every  point  of  the  mushroom  surface,  in  the  cane 
of  the  plate  experiments,  beyond  the  bent  of  the 
wave,  the  plate  has  not  been  displaced  and  so  you 
can  start  counting  fringes  from  there— that  is  a 
zero  displacement  point. 

Mr.  Kckblad  (Booing  Company):  Another  prac- 
tical  question:  Is  this  measuring  device  very  sen¬ 
sitive?  If  you  have  it  in  a  shock  environment 
observing  relative  motions  la  there  a  way  you  can 
get  around  that?  Or  apply  it? 

Mr.  Johnson:  Continuous  wave  type  holographic 
Interferometry  is  very  alow  and  you  have  to  have  a 
controlled  environment.  You  need  a  granite  table 
and  a  very  stable  environment.  Using  pulsed  holo¬ 
graphic  Interferometry  you  can  complete  the  process 
In  a  microsecond.  Usually  this  Is  a  time  short  com¬ 
pared  to  the  lifetime  of  most  natural  events,  such 
as  wind  current  changes,  and  things  of  that  nature. 

It  should  be  possible  to  use  this  type  of  apparatus  in 
a  fairly  rough  environment  if  you  are  using  pulsed 
laser  holographic  interferometry. 


Mr.  Eckblad:  Is  It  expensive? 


Mr.  Johnson:  Yes,  a  pulsed  laser  costs  about 
$25,000  to  $30,000  for  the  laser  alone.  The  film  is 
about  a  dollar  shot,  it  Is  not  very  expensive.  It 
could  probably  all  be  reduced  to  a  machine  that 
would  be  a  lot  quicker  and  more  functional  than  the 
laboratory  type  of  apparatus  we  are  using. 
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DATA  ANALYSIS 

A  NEW  SYNTHESIS  TECHNIQUE  FOB  SHOCK  SPECTRUM  ANALYSIS 


William  G.  Pollard 

Spectral  Dynamics  Corporation  of  San  Diego 
San  Diego,  California 

A  new  shock  spectrum  analyzer  approach  is  presented  which  synthesizes 
120  filters  to  provide  primary,  residual  and  maxirnax  shock  spectrums. 
The  new  technique  uses  only  one  single-degree-of-freedom  filter.  The 
120  filter  locations  are  generated  by  sequentially  modifying  the  input 
excitation  time  function  120  times. 


DEFINITIONS 


Residual  Shock  Spectrum  = 


(2) 


Conceptually,  shock  spectrum  is  defined  as  the 
maximum  response  of  an  array  of  m  number  of 
single-degree-of-freedom  systems  to  an  input 
transient  excitation.  The  shock  spectrum  is 
composed  of  two  components  of  information  re¬ 
ferred  to  as  primary  and  residual  shock  spec¬ 
trums.  Primary  shock  spectrum  is  defined  as 
the  maximum  transient  response  of  each  single- 
degree-of-freedom  system  during  the  applica¬ 
tion  of  the  input  excitation.  The  residual  shock 
spectrum  is  the  maximum  response  of  each 
system  after  the  termination  of  the  input  excita¬ 
tion.  Shock  spectrum,  sometimes  called  com¬ 
posite  or  maximax  response,  is  the  maximum cf 
the  combined  primary  and  residual  shock  spec¬ 
trum. 

SHOCK  SPECTRUM  ANALYZER  TECHNIQUES 

There  are  three  common  techniques  for  per¬ 
forming  shock  spectrum  analysis.  One  of  the 
techniques  employs  an  array  of  single-degree- 
of-freedom  electronic  filters  with  a  transfer 
function  defined  by  Hn(S).  Primary  shock 
spectrum  is  defined  by: 

Primary  Shodc  Spectrum  =  (1) 

m 

Max  ^  £"l[Hn(S)  £Te(t)e'8tdt  ] 

n  =  1 

Where  X  *  denotes  the  inverse  Laplace  Trans¬ 
form  and  T  is  the  time  duration  of  the  input 
excitation,  e(f.).  Residual  shock  spectrum  is 
defined  bv: 


®  -i  r- 

Max  ^  X  !  ” 
n  =  1 


lVs>  j 


Where  H  (S)  includes  the  initial  conditions  of 
the  single-degree-of-freedom  filter  H  (S)  at 
time,  T.  n 


A  second  technique  solves  the  differential  equa¬ 
tion  defined  by  H  (S)  with  an  input  forcing 
function,  eft),  iflie  m  number  of  solutions 
equivalent  to  m  single-degree-of-freedom  fil¬ 
ters  is  obtained  by  sequentially  incrementing 
the  differential  equation  coefficients  m  times. 
The  transient  and  steady  state  solutions  provide 
primary  *nd  residual  shock  spectrum3  respec¬ 
tively. 


A  third  technique  relies  on  obtaining  the  magni¬ 
tudes  of  the  Fourier  spectrum  of  the  input  ex¬ 
citation.  A  common  way  of  obtaining  the 
Fourier  magnitudes  is  to  employ  a  narrowband, 
heterodyne  type  real  time  spectrum  analyzer. 
Volume  2  of  the  Shock  and  Vibration  Handbook 
states  that  although  the  shock  spectrum  and 
Fourier  spectrum  are  fundamentally  different, 
there  is  a  partial  correlation  between  them. Only 
residual  shock  spectrum  is  analytically  related 
to  the  absolute  magnitude  |f  (jo.  )  |,  of  the 
Fourier  spectrum  for  the  special  case  of  a  loss¬ 
less  filter,  t,  =  0.  This  relationship  is  given  by 


Residual  Spectrum  =  K  u 

U=o 


where  K  is  a  scale,  factor  and  u  is  the  fre¬ 
quency  at  which  F  yjir  y  *9  evaluated.  The  major 
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-disadvantage  oi  this  approach  is  that  primary 
and  maximax  spectrum*  are  not  obtained.  Fur* 
thermore,  comparison  of  the  output  peak  re-- 
sponses  of  the  type  of  filter  used  in  the  hetero¬ 
dyne  technique  with  that  of  a  s:r,gle-degree-of- 
freedom,  low -pas a  filter,  shows  that  the  results 
do  not  agree  and  the  heterodyne  technique  does 
not  yield  ccrrect  primary  spectrum  information. 
For  example,  if  a  rectangular  pulse  of  height  A 
is  inputted  to  a  low— pass,  lossless  filter  of  f,  0, 
the  output  during  the  applied  pulse  is  a  constant 
amplitude  cosine  wave  independent  of  pulse 
duration  with  amplitude  excursions  between  0 
and  2A,  For  this  example,  the  filter  output 
time  response  is  given  by 

e  (t>  -  A>  1-cos  3  t  !  '4) 

n  '  n  / 

where  S  is  the  filter  frequency.  Now  consider 
the  same  rectangular  pulse  to  be  heterodyned 
and  inputted  into  a  lossless,  narrowband  filter 
of  the  type  used  in  real  time  analyzers.  The 
filter  output  during  the  applied  pulse  for  this 
case  is  given  by 

*hft)  (coa  ^-co«  y0  <3) 

where  Y  is  the  heterodyne  carrier  frequency 
which  is  incremented  m  times  to  cover  the  fre¬ 
quency  range  of  interest.  Comparing  the  two 
results  reveals  that  the  responses  during  the 
applied  pulse  do  not  agree.  The  filter  response 
for  the  heterodyne  technique  is  Y  dependent  as 
opposed  to  the  constant  amplitude  response  for 
any  @n>  Attractive  as  this  approach' is,  it  is  un¬ 
fortunate  that  only  residual  shock  spectrum  is 
available  from  Fourier  spectrum  information. 

NEW  SHOCK  SPECTRUM  ANALYZER 
APPROACH  * 


As  a  preliminary  step  to  describing  the  new  ap¬ 
proach,  consider  the  characteristics  and  re¬ 
sponses  of  an  array  of  m  number  of  single- 
degree-of-freedom  systems  as  shown  in  Fig.  1. 


Input  Shock 

Excitation 

«(t) 


e2(t) 

ejt, 


The  transfer  function.  H  <S),displayed  in  the 
S-plane  has  the  form  shown  in  Fig.  2. 


Where  Sin  3  = 
j*  Q  24 


The  output,  E  (S) ,  in  the  S-plane  is  computed 
by  the  produces  of 

E  (S)  =  E(S)  H  (S)  (6) 

n  n 

where  E(S)  is  the  Laplace  transform  of  the  input 
excitation,  e(t).  The  output  time  response  is 
arrived  at  by  taking  the  inverse  transform. 

en(t)  =  I_1LEn(S>  J  =  £"1lE<S>  Hn(S)J  ^ 


H  (S)  has  the  form  of 
n 

«24B2 
n  n 


H  JS)  = 


(s+«J+en2 


(8) 


for  a  single-degree-of-freedom  system.  As 
seen  from  the  S-plane  plot  of  Fig.  2,  4  is  0  for  a 
lossless  system  which  gives  for  Hn(S), 


sCe„2 


(9) 


For  purposes  of  comparing  results  of  the  pro¬ 
posed  filter  synthesis  technique  and  the  single- 
degree-of-freedom  filters  defined  by  H  (S),  the 
output  respon»»s  will  be  computed  for  a  step,  a 
step  ramp  and  a  step  sine  wave  as  defined  in 
Fig.  3. 


Fig.  1  -  Array  of 

Single-Degree-Of-Freedom  Systems 
Patent  applied  for 
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ep(t)  *  A  T>t>  0 
=  0  T<t<0 


Where  o, 


V4>  -  rr 


fa 2  +@  21 


T^Ti1'2 


eR{t)  -'-at  !>t>0 

e_(t}  0  KtV3 


e  (t)  =  A  Sink  t  *>t>  0 
s 


es<t)  ° 


T<t<0 


Fig.  3  -  Input  Excitations 


The  output  responses  over  the  period  T  for  inputs 
of  ep(t),  e  (t)  and  e  (t)  for  a  filter  Z,  of  sero 
are  respectively. 


en<t)  =  ^(l  -co.  Snt) 
,  '  S  in  0  t  v 


-  Q  (t 

AXd2 

n  N 
e„  ' 

Sin  *  t  \ 

ini 

,<t) 

n 

{  Sink  t 

n  1 

/  i  7  t 

n 

'  ?  z-\2 

\  k 

0  /  * 
n 

1  1  £  J 

With  the  filter  it  0,  the  output  responses  over 
the  period  T  for  inputs  of  ep(t),  e^(t)  an^  e^ft) 
are 

f  . 

•„!>)■»  '•  %  *  xV‘1, 

n 


Where  ^  j  =  tan* 

n 


-a  t 

*>  n 
2  e  . 


/  i ;  az\  *  \e  e 

(or  +  e  )  n  [  n  )  n  n 
V  n  n  >  L  \7£/ 


x 


(v**J 


.  - 1  Uo  X 

Where  *ii,  =  tan  js 

‘  2ifi2  2 
a  4  p  -  X 
n  n 


usd  4>"  -  tan 


-1  >2 o  P 


2  2  2 
o  -e %x 

n  n 


Eqs.  (10)  through  (15)  define  the  filter  output 
response  from  t  =  6  to  t  =  T  where  the  maxi¬ 
mum  peas  amplitude  during  the  time  t  defines 
the  primary  amplitude  for  filter  channel  n.  The 
residual  would  be  computed  by  the  use  of  Eq.  (2). 

A  new  technique  to  synthesise  m  number  of 
single-degree-of-freedom  filters  which  pre¬ 
serves  the  correct  primary  and  residua)  infor¬ 
mation  is  under  development.  The  first  tech¬ 
nique  described  mechanizes  m  number -of 
parallel,  contiguous  filters.  The  m  number  of  it 
filters  are  spaced  over  the  frequency  range  of 
interest  and  the  closeness  of  the  frequency  spac¬ 
ing  determines  the  resolution  of  the  measure¬ 
ment.  For  example,  to  cover  three  decades  of 
frequency  with  a  spacing  of  1/12  octave  steps  re¬ 
quires  120  filters,  m  -  120,  Employing  the 
parallel  filter  approach  would  require  120  sepa¬ 
rate  filters  where  each  filter  13  separately 
tuned  for  frequency  and  Q.  The  proposed  syn¬ 
thesis  technique  fundamentally  replaces  the  120 
filters  with  only  one  filter  which  greatly  sim¬ 
plifies  instrument  maintenance  and  calibration. 

A  conceptual  block  diagram  showing  the  ap¬ 
proach  to  generate  the  equivalent  of  many  dif¬ 
ferent  filter  outputs  with  a  single  filter  is  pre¬ 
sented  in  Fig.  4. 

The  input  shock  excitation,  e(t),  is  entered  into 
the  time  scale  converter  which  changes  the  in¬ 
put  time  scale  by  a  factor  a  .  The  a  control¬ 
ler  increments  a  in  m  number  of  steps  to  cover 
a  specified  frequency  range.  Each  a  generates 
a  new  time  function  to  be  entered  into  the  fixed 
filter,  G(S).  For  each  unique  a  ,  a  unique  tran¬ 
sient  and  steady  state  filter  response,  e^ft) 
exists  which  relates  exactly  to  primary  and  re¬ 
sidual  spectrums. 
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Fig.  4  -  Filter  Synthesiser 


For  the  system  in  Fig.  4,  the  primary  and  re¬ 
sidual  shock  spectrums  are  given  by 

Primary  Shock  Spectrum  =  (16) 

-1  r 

Max  ^  X  |G(S) 
n  -  1 

and 

Residual  Shock  Spectrum  =■  (17) 

«*  -i  - 

Max  ,  X  ,7T(S)  , 
n  =  1 

where  G(S)  includes  the  initial  conditions  at  the 

time  of  T/a  . 

n 

A  very  important  aspect  of  the  approach  is  that 
the  m  number  of  shock  spectrum  output*  are 
generated  by  modifying  the  input  excitation 
time  scale  m  times  and  not  by  changing  any 
physical  components  or  controls  to  modify  fil¬ 
ter  response.  Also  the  analysis  time  may  be 
decreased  by  controlling  the  minimum  a  .  For 
instance,  if  a  were  incremented  over  a  range 
from  10  to  lofooo  to  cover  three  decades  of 
frequency,  the  filter  response  time  would  be  10 
times  faster  than  the  approach  using  parallel 
filters  covering  the  same  frequency  range. 


and  E(3)  is  defined  by  Ep(S),  E^(S)  and  E^(S) 
for  our  analysis. 

Over  a  period  i,  the  output  filter  responses  for 
inputs  of  ep(t),  e^ft)  and  e^(t)  for  a  filter  £  of 
zero  are  respectively,  ___ 

(*nl)  s  A (l  "  co*  0t j 


With  the  filter  t,  i  0,  the  output  responses  over 
the  period  '<  for  e  (t),  e_(t)*nd  c_(t)  are  re¬ 
spectively  v  5 


The  transforms  for  the  time  functions  given  in 
Fig,  3  are  now  recomputed  for  the  new  time 
scale  function,  e(a  t).  which  is  the  modified 
time  function  applied  to  the  filter,  G(S).  The 
new  transforms  for  input  excitations  of  a  step, 
a  step  ramp  and  a  step  sine  wave  are  respec- 


ivM  v 

Ep(S) 


a  a  Q 

S'  er(S)  z  “2~ 
S 


The  form  given  by  Eq.  (7)  may  be  used  to  com¬ 
pute  Op(t)  where 

e  ft)  =  X'1  [E(S)  G(S)  ] 

F 


where 


(22) 


-1  B 

where  t.  -2  tan  ~ 

2  -a 
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In  interpreting  Eqs.  (19)  through  (24),  it  is 
helpful  to  refer  to  Fig.  4.  If  the  input  excita¬ 
tion,  e(t),  entering  the  time  scale  converter  is 
to  be  evaluated  at  some  arbitrary  time  t,  to 
give  e(T),  the  output  of  the  time  scale  con  vertex 
e(a  t),  must  be  evaluated  at  T/a  to  yield  the 
same  information.  For  example,  if  T  =  50  ms 
then  e(a  t)  would  be  evaluated  at  0.  5  ms  for  an 
a  of  lofi.  As  pointed  out,  T  may  be  any  arbi¬ 
trary  time;  however,  for  this  application  to 
shock  spectrum  analysis,  one  of  the  times  of 
interest,  T,  is  t!iat  time  when  the  input  excita¬ 
tion  is  terminated. 

Rewriting  Eqs.  (19)  through  (24)  evaluated  for 
T/a^  gives  the  following  set  of  equations; 


^  -(s^)5l"K)T] 


(30) 


A  term  by  term  comparison  may  now  be  made 
between  the  sets  of  equations  defined  by  Eqs. 
(10)  through  (15)  and  (25)  through  (30).  Recall 
that  3  takes  on  m  different  values,  as  shown  in 
Fig,  P,  to  span  the  frequency  range  of  interest. 
Note,  in  comparing  Eqs.  (15)  and  (30)  that  the 
variable  filter  terms  a  and  3  are  duplicated 
by  terms  a /a  and  D/a  .  By  varying  a  ,  the 
terms  may  be  made  tontake  on  exactly  the  same 
values  as  the  terms  defined  by  a  and  p  .There¬ 
fore,  in  the  first  technique  making  a  and  6 
take  on  m  different  values  by  having  m  different 
filters,  the  equivalent  may  be  accomplished  by 
using  one  filter  and  letting  a  take  on  m  differ¬ 
ent  values.  Further  cross  comparisons  of  cor¬ 
responding  terms  in  the  two  sets  of  equations 
show  the  same  pattern  of  equivalence,  that  is 
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for  ever y  ;  ,  r  tin- r<  i«  an  rquivalent  '  ' a  and 
cf a  .  ihia  di-n.orst rates  that  at  any  irhitrar- 
tiemfr?  lilttr  ampl'tmlv  rrsponics  oi  botli  ap¬ 
proaches  an-  the  same.  Since  the  tw»  tiller 
forms  are  the  same  ana  both  have  the  same  .n- 
itial  con- ilior.ii  at  any  arbitrary  times  of  '  and 
t  la  respectively,  it  follows  that  the  residual 
responses  are  the  same. 

CONCLUSIONS 

The  method  «.f  process::;,;  the  information 
through  the  time  scale  converter  offers  consid¬ 
erable  flexibility  ir  shock  spectrum  analysis. 
Simply  by  changing  the  rat?  si  processing  the 
information  in  the  time  scale  converter,  the  in¬ 
put  frequency  range  coverage  may  be  changed. 
Two  frequency  ranges  are  made  available,  mi- 
range  covering  1  liz  to  I  kllz  and  th-  other 
range  10  Hz  to  10  kHz  providing  the  capability 
to  store  transients  of  I  second  and  100  my  dura¬ 


tions.  respectively.  Toe  filter  locations  are 
changed  readily  by  inputting  a  new  set  of  a  *s 
with  different  spacing  which  provides  the  capa¬ 
bility  to  change  the  frequency  resolution  in  fre¬ 
quency  regions  of  interest.  The  number  of 
filter  locations  muy  also  be  increased  by  in¬ 
creasing  the  number  of  a  steps;  however,  the 
maximum  number  of  filter  channels  is  deter¬ 
mined  by  the  filter  Q. 

Th?  input  transient  signal  is  captured  and 
stored  in  memory  which  permits  viewing  of  the 
original  input  transient.  Because  of  the  tem¬ 
poral  speed  up,  the  input  signal  may  be  dis¬ 
played  without  flicker.  For  example,  a  100  ms 
transient  could  be  displayed  at  a  100  Hz  rate 
for  an  a  of  10  whereas,  without  the  speed  up, 
the  maximum  display  rate  would  be  10  Hz.  A 
digital  memory  stores  the  120  outputs  of  the 
filter  wh:ch  holds  the  shock  spectrum  data  in¬ 
definitely  without  decay. 
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THE  ROLE  OF  LATENT  INFORMATION  IN  INFORMATION 
PROCESSING  IN  MEASURING  SYSTEMS 


Peter  K.  Stein 
Professor  of  Engineering 
Arizona  State  University 
Tempe,  Arizona 


The  role  of  latent  information  in  transducers  is  defined  and  discussed. 

All  material  properties,  all  coefficients  of  scalar,  vector,  tensor,  or 
field  quantities,  and  all  transducer  performance  coefficients  are  latent 
information  parameters,  (LIPs).  Such  LIPs  must  be  activated  so  that 
the  information  they  contain  is  available  for  processing  in  a  measuring 
system. 

A  systematic  study  of  these  LIPs  yields  a  new  conceptual  model  for  a 
transducer,  as  an  information-and-energy-flow  device.  Information  proces¬ 
sing  (including  conversion)  is  clearly  distinguished  from  energy  proces 
sing  (including  conversion).  Since  measurement  is  concerned  with  infor¬ 
mation  flow,  this  distinction  leads  to  an  extension  of  the  Unified 
Approach  to  the  Engineering  of  Measurement  Systems.  A  small  portion  of 
this  approach  is  presented  in  this  paper,  to  show  that  a  methodical, 
systematic  approach  to  the  design  of  measuring  systems  exists.  The 
presentation  shows  hitherto  unsuspected  affinities  between  transducer 
families,  and  hitherto  unsuspected  transducer  families  are  a  natural  out¬ 
growth  of  the  methods  of  investigation  presented  here.  Educational 
producers  and  industrial  consumers  of  engineers  should  be  aware  that 
engineers  proficient  in  the  new  field  of  Measurement  Systems  Engineering 
are  being  deliberately  educated,  and  are  available. 


MEASUREMENT 


The  basic  purpose  of  a  measuring  system  is 
to  obtain  information  about  some  state  or  pro¬ 
cess  being  investigated.  Information  can  exist 
in  two  forms:  Latent  and  Activated.  In  both 
forms  it  can  be  identified  by  the  new  and  orig¬ 
inal  definition  of  information  particularly 
suitable  for  measurement  engineers,  given  else¬ 
where  [1,  2]  and  summarized  below: 

INFORMATION  OF  ANY  KINO  MUST  EXIST 
on  some  pattern 
of  some  property 
of  some  wave  shape 
of  some  quantity 


The  quantity  on  the  wave  shape  of  which  some 
pattern  of  properties  identifies  the  existing 
information  can  be  in  two  forms,  as  shown  in 
Table  I. 

It  must  be  remembered  that  information  can 
not  be  processed  without  energy  transfer,  and 
that  every  component  in  a  measuring  system  must 
be  considered  in  the  path  of  BOTH  a  flow  of 
information  and  a  flow  of  energy.  To  organize 
and  study  thi;  field  of  measurements,  the  estab¬ 
lished  terminology  developed  for  the  Unified 
Approach  to  the  Engineering  of  Measuring  Sys¬ 
tems  will  be  used.  A  summary  of  the  basic  defi¬ 
nitions  is  given  below.  These  are  different 
from  current  usage  and  should  therefore  be 
studied  carefully  before  proceeding  further 
[1,2,3]. 


TABLE  I:  FORMS  OF  INFORMATION 


FORM  OF  THE  INFORMATION 

FORM  OF  THE  INFORMATION-CARRYING  QUANTITY 

Latent  Information 

Latent  Information  Parameters  (LIPs) 

Activated  Information 

Energy  Components  and  Their  Derivatives 
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PCFIMITIOMS  AND  TERMINOLOGY 

Transducer:  The  smallest  Informatlon- 

end-energy  processing  ccm- 
ponent  In  a  system,  which 
accepts  and  emits  BOTH 
energy  and  Information. 

Sensor:  The  smallest  component  in 

a  measuring  system  which 
contains  only  Information, 
but  emits  no  ciergy.  Note 
that  It  took  etergy  to  get 
the  Information  Into  the 
sensor. 

Structure:  The  network  of  relation¬ 

ships  among  transducers  or 
sensors,  corresponding  to 
the  circuit  diagram  of  the 
electrical  engineer. 

Processing:  Operations  such  as  repro¬ 

duction,  conversion,  shap¬ 
ing,  suppression,  enhance¬ 
ment,  transmission  ef 
Information  (desired  In 
measuring  systems)  and 
energy  (a  necessary  by¬ 
product  of  Information 
processing). 

inputs/Gutputs:  The  Inputs  and  outputs 

from  all  transducers  are 
pairs  of  quantities,  the 
product  of  which  exhibits 
the  dimensions  of  energy, 
and  the  ratios  between 
which  Identify  certain  la¬ 
tent  Information  parame¬ 
ters  to  be  discussed  In 
this  paper.  Table  II 
Illustrates  some  of  these 
pairs.  Tables  IV  and  V 
some  of  the  ratios. 

Primary  Quantity:  That  energy  component  on 

the  wave  shape  of  which 
some  pattern  of  properties 
carries  Information  to  be 
processed.  (One  at  each 
port.) 

Secondary  Quantity:  That  energy  component  at 
each  port  which  necessari¬ 
ly  co-exists  with  the 
primary  quantity. 

Measurand:  The  quantity  to  be  mea¬ 

sured,  which  can  be  ex¬ 
pressed  as  time  and/or 
space  derivatives  of  the 
Primary  Quantity,  or  of 
ratios  of  such  derivatives 
for  the  two  energy  compo¬ 
nents  Involved.  Tables 
III,  IV,  and  V  Illustrate 
some  Measu rands. 


LATENT  INFORMATION  [10] 

Information  which  does  not  ex'st  on  an  energy 
component  (such  as  those  In  Table  II),  or  on  a 
time  and/or  space  derivative  of  such  a  compo¬ 
nent  (such  as  those  shown  In  Table  III),  Is 
latent  Information.  As  such  It  Is  not  avail¬ 
able  for  processing  until  It  Is  activated  or 
Interrogated.  Latent  Information  exists  In  all 
transducers  by  virtue  of  their  latent  Informa¬ 
tion  parameters.  These  can  be  expressed  as  the 
ratio  of  two  energy  components,  or  by  the  ratio 
of  any  time  and/or  space  derivatives  of  these 
components.  In  general,  all  performance  para¬ 
meters  of  transducers ,  such  as  Input,  output, 
and  transfer  coefficients,  and  all  material 
properties,  are  latent  Information  parameters. 
In  general,  LIP's  can  be  expressed  as: 

(Latent  Information  Parameter) 

*  (Material  Properties) (Geometric  Factors) 


Some  LIPs  are  functions  only  of  geometric  fac¬ 
tors  such  as  shape  or  position;  others  are 
functions  only  of  material  properties,  but  In 
general,  both  factors  are  present. 

The  most  camion  example  of  latent  Informa¬ 
tion  Is  an  Impedance.  Ottwrs  are  elastic  modu¬ 
lus,  mass.  Index  of  refraction,  angle  of  polar¬ 
ization,  and  all  transfer  ratios  or  sensitivi¬ 
ties  such  as  the  thermoelectric  power  of  a 
thermocouple,  the  gain  of  an  modifier,  the 
gage  factor  of  a  strain  gage.  All  coefficients 
or  parameters  of  scalar,  vector,  tensor  or 
field  quantities  are  LIPs.  Examples  rre  opti¬ 
cal  birefringence,  dielectric  constant,  elec¬ 
trical  resistivity  In  single-crystal  semi¬ 
conductors  for  example,  plane  of  polarization, 
wave  propagation  velocity,  wave  reflection  and 
refraction  coefficients,  etc.  [10]. 


LATENT  INFORMATION  PARAMETERS 

Latent  information  parameters  divide  Into 
two  groups: 

Homogeneous  or  Single-Port  Parameters:  LIPs 
which  are  expressed  as  ratios  of  the  time  and / 
or  space  derivatives  of  the  energy  components  — 
which  co-exist  at  a  single  port  (entry  or  exit) 
of  a  transducer,  are  homogeneous.  Tables  IV, 

V,  and  VI  Illustrate  typical  examples.  Thus 
this  category  Includes  all  Input  and  output 
parameters  (sometimes  expressible  as  Impe¬ 
dances).  Systematic  methods  exist  for  Identi¬ 
fying  possible  LIPs.  A  simple  example  will  be 
given  below. 

Given  two  physical  quantities  Qj  and  Qj 
selected  dimensionally  so  that: 


IQ,!  .  |Q2|  *  | ENERGY | •  (1) 
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TABLE  H:  SOME  COMPONENTS  Of  EMENCY  AMO  POHER 


ENERGY  FORM 


Electrical 


ntlty 

IH 

men si or 

ntlty 

\mi 

mens  Ion  ] 

!  Quantlt: 

Electric 

Potential 

(Voltage) 

E 


Magnetic 

Potential 

o 


Force 

F 


Moment 

M 


Temperature 

e 


Chemical 

Potential 


lWV2 


l-’ht-2 


lV2 

lV3 


Quantity  of 
Electricity 
(Charge) 

C 


Magnetic 

Flux 


Translation 

Displacement 

x 


Rotation, 

Angular 

a 


V 


Entropy 

s 


Quantity  of 
Material 


L  *  length 
M  •  «ass 
T  ■  tine 


lW1 


lW1 


Electric 

Current 


Electric 

Potential 

(Voltage) 

E 


Linear 

Velocity 

dx/dt 


Angular 

Velocity 

W  *  da/dt 


Voluae  Flow 
dV/dt 


Rate  of  Change 
of  Entropy 
ds/dt 


Reaction  Rate 


Dimension 


.t-1 


lW2 


lV1 


lW1 


(*)  From  Ref.  4. 


Note:  Lunlnous  Flux  *  Is  the  basic  other 
unit,  with  dlnenslons  of  power.  In  the  sys¬ 
tem:  Mass,  Length,  Time,  Charge,  Degree 
Temperature,  Luminous  Flux. 


TABLE  II!:  SOME  MEASURANOS  AS  TIME  AND  SPACE  FUNCTIONS  OF  ENERGY  AND  ENERGY  COMPONENTS 


FUNCTIONlOF  SYMBOL  YIELDS  SYMBOL 


Force  F  Surface  Tension 

Displacement  L  Strain  c 

Magnetic  Potential  0  Magnetizing  Field  H 

Electric  Potential  E  Field  Strength 

Temperature  e  Temperature  Gradient 

Action  Momenttxn 


Force 

Magnetic  Flux 
Electric  Charge 


3X*3y3Z 


Force 

Displacement 

3^ _ ][  Magnetic  Flux 

3t  Electric  Charge 
Fluid  Volume 
Energy 


Specific  Height  i 
Energy  per  Unit  Volume 


F  Load  Rate 

L  Velocity  v 

*  Electric  Potential  E 

0  Current  1 

V  Volume  Flow  Rate 
Power 


x,  y,  z  are  mutually  perpendicular  direc¬ 
tions,  x  along  the  direction  of  the  acting 
quantity;  y  and  z,  perpendicular  to  It. 


i  TABLE  IV:  SOME  LATENT  INFORMATION  PARAMETERS  AS  RATIOS  OF  NEASURANOS: 

M  Hjg  gggjgM  sropev  cawflffs - 


fRATIO  OF  i  _1 

| FUNCTIONS  !  OF 

YIELDS 

H 

1 

Force  F 

Displacement  T 

Displacement  L 

Force  -  F 

Magnetic  Potential  9 

Magnetic  Flux  » 

Magnetic  Flux  • 

Magnetic  Potential  e 

Electric  Potential  E 

Electric  Charge  IF 

Electric  Charqe  0 

Electric  Potential  t 

Temperature  e 

(Mass) (Specific  Heat)  s 

Dynamic  Stiffness 

Compliance,  Acceptance 

Reluctance 

Permeance,  (Inductance)  A 

Elastance  S 

Capacitance  C 

Thermal  Stiffness  [4] 

pH 

L  3t  J 

fT-TT’TiT^ 

Mechanical  Impedance 

Viscosity 

Resistance  R 

Impedance  l 

Reactance  XC,XL 

[VI 

li^iatlZat  I 

Voltage  I 

3{D1splacement)/3t  v 

Force  F 

Conductance  G 

Admittance  V 

Susceptance 

Mobility 

Fluidity 

m 

(  ) 

Force  F 

32(01splacement)/it2  a 

Voltaqe  E 

3z(Charge)/3t2  »!/»t 

Dynamic  Apparent  Mass 

Inductance  L 

pp 

B3HH 

Inertance 

Inverse  Inductance  r 

(Reluctance) 

<  > 

The  general  form  of  a  latent  information  para¬ 
meter  based  only  on  time-functions  Is: 


(LIPS) 


3mQ2/3tm 


(2) 


Since  the  assignment  of  Qi  and  Q2  to  specific 
physical  quantities  (energy  components)  is 
arbitrary  and  depends  on  the  measurand  for  each 
specific  case,  the  LIPs  may  take  forms  which 
are  one  the  inverse  of  the  other.  In  the  LIP, 
m  and  n  may  assume  integral  values  such  as  0, 

T,  2,  etc.,  where  negative  values  Imply  inte¬ 
gration  instead  of  differentiation.  So  long  as 

(n+m)  *  0,  the  product  of  the  two  components  of 
the  ratio  exhibits  the  dimensions  of 
energy.  The  LIP  is  then  considered 
to  be  energy  based  (potential). 


If  (n+m)  *  1  by  similar  argument,  the  LIP  Is 
considered  to  be  power-based,  and 

If  (n+m)  =  2  the  LIP  is  considered  to  be  based 
on  rate  of  change  of  power,  a  con¬ 
cept  for  which  a  single  term  does 
not  appear  to  exist.  The  words 
energy-acceleration  or  power 
velocity  are  descriptive  and  will 
be  used.  Kinetic  energy  concepts 
also  appear  to  apply. 


Table  VII  Illustrates  the  various  possibil¬ 
ities  for  electrical  and  mechanical  systems. 

It  is  seen  that  the  many  empty  spaces  Identify 
presently  unexplored  possibilities.  A  similar 
approach  applied  to  the  other  energy  forms  of 
Table  II  will  show  that  Tables  III,  IV,  V,  and 
VI  are  just  the  barest  of  samples  of  the 
possibilities. 


TABLE  V:  SUE  HEASCRANDS  OF  RATIOS  OF  TINE  ANVOR  SPACE  DERIVATIVES  OF  ENERGY 


TIO  OF 
OHS 


l  3X  J 


»(Electr1c  Potsntlalisx 


Metric  ChargeJ/ay- Ji*at 


Resistivity 


Magnetic  Permeability 


Dielectric  Constant 


Elastic  Modulus 


Poisson's  Ratio 


J 

3t*  J 

fi!LJLl 

3t2J 

32{Force)/3y3z 


1splaceoent)/ax-st 


a3(Force)/»x-ay-3i 


a2(D1sp!ace«ent)/3t 


32(D1sp1ace»ent)/3t2 


orce)/3x*3y3Z 


Viscosity 


Specific  Voli 


Note  that  these  so-called  *uter1a1  properties"  are  all  ratios  of  quantities  for  which  the  product 
has  the  distensions  of  energy,  power,  or  rate-of-chanqe  of  power  per  unit  volume,  as  shown  In  Table  VI 


TMLE  VI 

CIWVIES  Of  HATERIAl  MOfERTIES"  AS  WMOGCREOUS  LATENT  ISfORMATIO*  PARAMETERS:  Q?/Qz 


j^cwemtv 


potential  erergt  storing 

SCHAVIOR 


PORES  DISSIPATING 
BEHAVIOR 


Mechanical ! Compression  Modulus  (Fluid)  {Viscosity  Coeff: 


Elastic  Modulus;  E  j  Ql  *  stre: 

‘  Oi  *  stress  or  pressure  •  »  forci 

•  ■  force  per  unit  area  j  Qj  •  stra 

j  O2  *  strain  l  *  rate 

i  *  extension  per  unit  i  e*tei 

:  length  or  contrac-  leng 

1  tlon  per  unit  volume  j  volu 

.01*02  •  energy  per  unit  volia 

!  .  voliwe  0|*02  «  powei 

*  _ ^ _ _ J _ jrolur 

i  Electrical  Dielectric  Constant:  e  {Resistivity: 

I  *  Ql  •  charge  per  unit  j  Qi  «  potei 

j  j  area  per  1 

I  02  *  potential  change  02  •  rate 

per  unit  length  |  chan 

j  jOl’02  *  energy  per  unit  !Q« 'O2  *  e^ec 

_ !  _  volume _ j _ unit 

Magnetic  j Permeability:  p 

Ql  «  magnetic  flux  per 
unit  area 

Q2  *  magnetizing  field 
0] -Q2  *  energy  per  unit 

volume  j 

Note  that  all  these  quantities  are  complex  numbers, 
with  a  magnitude  and  a  phase.  The  phase  angle  of 
the  complex  permettlvlty  or  dielectric  constant, 
for  example.  Is  called  the  loss  angle,  and  the 
loss  tangent  is  defined  as  the  angle  whose 
tangent  Is  the  imaginary/ real  part  of  the  complex 
dielectric  constant. 


j  Qi  »  stress 

!  »  force  per  unit  area  J 

j  Q2  ■  strain  rate  * 

»  rate  of  change  of  ( 
extension  per  unit 
length  of  or  unit 
>1  volume  POr  unit 

voli#* 

0|*02  *  P<**er  per  unit 
_ volume 

{Resistivity:  e 
j  Qi  »  potential  change 
per  unit  length 
Q2  ■  rate  of  change  of 
charge  per-  uni t  area 
iQi'Qj  »  electrical  power  per 
:  unit  vo1«ne 


KINETIC  ENERGY  STONING 
BEHAVIOR 


force  per  unit  voii^e 
acceleration  of 
gravity 

rate  of  change  of 
power  per  unit  volim* 


Note  that  all  these  cuantities  exhibit  a 
a  dependence  of  both  the  magr.i  tude  and  the 
phase  angle,  on  frequency  and  on  amplitude 
of  the  C2  Quantity.  T*us  frequency  response 
curves  for  -a:**’ tude  and  r^ase,  and 
non-linearity  c-r^es,  ex- st,  *.ete  also 
that  i-  and  tare  irter-re^ated. 


mE  VII:  A  SYSTEMATIC  EXPLORATION  Of  TIME-FUNCTION  BASED  LIPS 

— Ig  i ggwncr'w  ELecrmcAL  rores - 


LATENT 

MECHANICAL  SYSTEMS 

ELECTRICAL  SYSTEMS 

INFORMATION 

PARAMETERS 

Q,  *  Force  *  F 

Q2  *  Displacement  •  X 

Q]  *  Voltage  «  V 

Q2  *  Charge  *  0 

o 
w 
i r 
< 
oc 
« 

*1 

y  »  dynamic  stiffness  or  Modulus 

U 

^  *  elastance,  S 

>- 

s 

Uf 

X 

UJ 

V 

y  •  compliance  or  receptar.ce 

^  -  capacitance,  C 

3Q,/3t 

i- 

o 

UI 

i/% 

5 

3<)|/3t 

F 

a, 

V 

OC 

w 

SfljM 

t  *  mechanical  Impedance 

X 

v  Resistance,  R 

4-  *  Impedance,  Z 

Q  Reactance,  X£  or  XL 

3Q2/3t 

jr  «  nobility 

X  Conductance,  G 

S£  *  Admittance,  Y 
Susceptance 

sfylt2 

I- 

I- 

o  oc 
uj  O 
i/I 

Soo 

1  UI  UI 

•  Oh 

U.  Ml  Ml 

OHU 

«J2 

x  a 

F 

a. 

5 

3Q,/3t 

U£75t 

t- 

X 

i- 

0 

ui  2  _i 

CN  UI  UJ 

1  X 

<  UJ  1 
ZUOC 

3Q2/3t 

30, /3t 

X  , 

F 

a, 

V 

u_  1  o 

O  >-  Q. 
i  O 

UI  oc 
%—  ui 

25 

<>i 

^2Q2/')tZ 

r-  *  dynamic  apparent  mass 

X 

y 

X-  =  Inductance 

Q 

X 

P  =  inertance 

^  =  Inverse  Inductance 

Inhomogeneous,  Inter-Port  or  Transfer  Para¬ 
meters'!  Ilf’s  which  are  ratios  between  energy 
components  or  their  time  and/or  space  deriva¬ 
tives,  but  which  exist  at  different  ports  (entry 
or  exit)  of  a  transducer,  are  called  interport 
or  inhomogeneous  L IPs .  If  they  fulfill  the 
conditions  of  equations  (1)  and  (2),  they  are 
called  "Transfer  Impedances"  for  example,  to 
distinguish  them  from  “Point  !mpedances"--if  tne 
very  limited,  power-based  concept  of  impedance 
applies  to  the  situation  at  all.  By  and  large, 
however,  the  intcr-port  parameters  will  not 
satisfy  equations  (1)  and  (2)  or  the  require¬ 
ments  for  homogeneous,  intra-oort,  single-port 
parameters.  Examples  would  be  thermal  expansion 


coefficients,  thermoelectric  power  coefficients, 
the  gain  of  an  amplifier,  gage  factor  for  strain 
gages,  etc.  A  later  section  will  present  a 
systematic  methodology  for  the  study  of  these 
LIPs . 

GENERAL  PROPERTIES  OF  LATENT  INFORMATION 
f’AfeAMETEftS 

1.  All  L IPs  are  ratios  of  time  and/or  space 
functions  of  energy  components. 

2.  All  lIPs  are  expressed  as  partial  deriva¬ 
tives  at  an  operating  point. for  the  (n-2) 
dimensions  in  n-dimensional  space,  where  n 
is  the  total  number  of  independent  variables 
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which  can  affect  the  LIP.  Thus  all  LIPs  are 
sensitive  to  the  operating  point  at  which 
they  have  been  determined,  the  world  being 
noc-1 Inear  In  general.  This  operating  point 
Is  governed  both  by  boundary  conditions  and 
by  Initial  conditions,  as  well  as  by  other 
variables,  as  will  be  discussed  later.  See 
also  Ref.  5. 

3.  All  LIPs  are  complex  numbers,  exhibiting  a 
magnitude  and  a  phase  Angle  (of  the  numera¬ 
tor  with  respect  to  the  denominator  which 
serves  as  phase  reference). 

4.  The  magnitude  and  phase  angle  of  all  LIPs  Is 
a  function  of  the  frequency  (or  rate  of 
change)  of  the  denominator  and/or  the  numer¬ 
ator  of  the  ratio.  These  characteristics 
are  sumartzed  In  frequency-response  curves 
for  magnitude  and  phase  (Bode  plots,  for 
example,  or  Nyquist  or  Root-Locus  presenta¬ 
tion  if  preferable  [1]). 


5.  The  magnitude  and  phase  angle  of  all  LIPs  is 
a  function  of  the  amplitude  of  the  denomina¬ 
tor  and/or  the  numerator.  These  character¬ 
istics  are  summarized  In  the  linearity  or 
non-linearity  curves  for  magnitude  (the 
author  has  never  seen  one  for  phase  angle, 
but  it  does  exist).  Naturally,  such  ampli¬ 
tude-dependence  curves  must  be  presented  at 
a  stated  operating  point  and  at  a  given  sig¬ 
nal  frequency,  just  as  frequency-response 
curves  only  hold  at  a  given  amplitude,  or  a 
small  range  of  amplitudes  in  which  the  sys¬ 
tem  is  assumed  at  least  incrementally  linear 
about  the  operating  point,  which  must  be 
stated. 

6.  All  LIPs  present  reversible  (temporary)  and 
irreversible  (permanent)  responses  to  any  of 
the  n  dimensions  which  determine  them— a 
fact  which  can  be  exploited  or  deplored  as 
will  be  shown  later.  (Also  see  [6].)  Any 


TABLE  VIII:  TYPICAL  EFFECTS  OF  VARIOUS  ASPECTS  OF  1  HE  ENVIRONMENT  OK  A  LATENT  INFORMATION  PARAMETER 


(Note  the  partial  derivatives  around  an  OPERATING  POINT  in  n-dlmensional  space) 


TOTAL 

DIFFERENTIAL 
PER  UNIT 

INCREMENT 

dX 

SLOPE  1  •  § 

WHEN  REVERSIBLE. 
THE  BASIS  OF 

WHEN  PERMANENT, 
EVIDENCE  OF 

PAST  HISTORY  OF 

dR/R 

X 

R 

Electrical 

Resistance 

R  *  p  y  p  *  resistivity 

L  *  length  A  ■»  area 

If  dR  -  0,  a 
precision  resistor 

1 

n 

3R 

’a?  ‘  de 
+ 

e 

Temperature 

Resistance  thermo¬ 
meter;  thermistor 

Heat  treatment, 
cure  cycle, 
firing  temp.,  etc.  ] 

1 

n 

3R  . 

.  -  .  dc 

+ 

C 

Strain 

Piezo-resistive  coefficient 
Strain  sensitivity 
Resistance-strain  coeff. 

' 

Resistance  strain 
gage 

Cold  work,  fatigue  | 
damage,  mechanical  | 
history 

1 

R 

3R  h„ 

*  3?  •  dP 

♦ 

p 

Pressure 

Resistance-pressure  coeff. 
Bridgman  coefficient 

Bridgman  pressure 
transducer;  carbon 
microphone,  etc. 

Hydrostatic 

pressure 

1 

5R  Jm 

*  3ff  '  dH 
♦ 

H 

Magnetic 

Field 

Magneto-resistive  coeff. 

Magnetic  field 
resistance  sensors 

Magnetic  field 

1 

R 

.  2S.  .  dl 

3 1 

+ 

I 

Luminous 

Intensity 

Photo-resistive  coefficient 

Photo-resistive 

detectors 

Luminous 

Intensity 

1 

R 

3R  Wh 
•  3h  •  dh 

h 

Humidity 

Humidity-resistance  coeff. 

Humidity  sensors, 
resistance-based 

Humidity 

1 

+ 

9R  Ar 

•  3^  ’  dC 

♦ 

c 

Fractional 
Concentration 
of  chemicai 
element 

Composition  effect  on 
resistance 

Concentration  or 
Species  determina¬ 
tion 

Progressive  corro¬ 
sion;  degree  of 
cure  in  polymers 

1 

P 

3R  He 
.  _  .  ds 

+ 

s 

State 

Phase,  Structure 

Usually  discontinuous  func¬ 
tion  of  phase  or  structure 
change  (amorphous/crystalline) 

Studies  of  material 
state,  phase,  or 
structure 

Same  as  reversible 
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TABLE  IX:  TYPICAL  ENVIRONMENTAL  EFFECTS  ON  THE  PARTIAL  DERIVATIVES  OF  LATENT  INFORMATION  PARAMETERS 

(Note  the  effect  of  a  change  In  operating  point  In  one  dimension  on  the  slopes  In  all  dimensions) 

PARTIAL 

DIFFERENTIAL 

PER  UNIT 

i 

INCREMENT 

dX 

RATE  OF  CHANGE  OF  SLOPE: 
The  Effect  of  (dX)  on 
the  Strain  Sensitivity 
or  Piezo-Resistance 
Coefficient 

WHEN  REVERSIBLE, 
Effect  of  (X)  on  the 
Calibration  of  the 
Strain  Gage: 

HHEN  PERMANENT, 
Evidence  of  past 

00: 

<«><*> 

s 

£  •  •  de 

♦ 

i  .  [iUted, .  ,k 

£  •  *  dp 
♦ 

£  •  t^£l]  *  dH 
+  ... 

t 

Strain 

Strain  sensitivity, 
piezo-resistance  coef¬ 
ficient,  resistance- 
strain  coefficient 

Electric  resistance 
strain  gage 

b 

Temperature 

Temperature  effect  on 
gage  factor  or  cali¬ 
bration 

Temperature  effect 
on  gage  factor 

Heat  treatment 
for  metals 

Strain 

Effect  of  strain  on 
the  gage  factor 

Non-linearity  of 
calibration 

Past  cold  work 

P 

Pressure 

Effect  of  pressure  on 
gage  factor 

Pressure  effect  on 
gage  factor 

Pressure  history 

H 

Magnetic  Field 

Effect  of  magnetic  field 
on  gage  factor 

Magnetic-field 
effect  on  gage 
factor 

Magnetic  field 
history 

Note,  for  example,  that  £  [MiBZiL 
damage  (cold  work)  In  the  S/N  “Fat 

-]  is  a  very  sensitive  Indicator  of  total  accumulated  fatlgue- 
igue  Gage,*  although  It  Is  not  the  primary  read-out  used. 

TABLE  X:  TYPICAL  EXAMPLES  OF  VARIOUS  ASPECTS  OF  THE  ENVIRONMENT  ON  A  LATENT  INFORMATION  PARAMETER  I 

TOTAL 

DIFFERENTIAL 

PER  UNIT 

INCREMENT 

dX 

SLOPE  £  • 

HHEN  REVERSIBLE, 

THE  BASIS  OF 

HHEN  PERMANENT, 
EVIDENCE  OF  PAST 
HISTORY  OF 

dV/Y 

1  3V  Hfl 

V  *  3?  ‘  d0 

A. 

1  3V 

V  *  xp  •  dp 

♦ 

1  .  2)L  .  <jl 

V  *L 

+ 

U-a-« 

i  .‘:i . , 

i  ♦ 

1 

V 

Volume 

V  »  A*L  or  V  * 

A  *  area  L  »  length 
m  *  mass  of  gas 

R  «  gas  constant 

These  are  typical  ex¬ 
pressions  for  volume 

9 

Temperature 

Volumetric  thermal  ex¬ 
pansion  coefficient 

Fluid-filled  thermo¬ 
meters  such  as  gas, 
mercury-1 n-gl ass, 
etc.  (State  change) 

Change  In  struc¬ 
ture  or  phase 

P 

Pressure 

Volumetric  pressure 

coefficient 

(compressibility) 

Barometer 

Change  In  struc¬ 
ture  (ex.  twinning 
of  Iron  crystals) 

L 

Length 

Sensitivity  of  volume  to 
change  in  length 

When  cylinder  posi¬ 
tion  is  used  as 
measure  of  volume  in 
PV  engine  studies 

A 

Area 

Sensitivity  of  volizne 
change  to  area  change 

F 

Force 

Sensitivity  of  volume 
to  force  change 

Load  cell:  mercury- 
filled  hollow  cylin¬ 
der  with  open  sight 
glass 

1  1  ;y 
!  7  •  tj  •  « 

j 

I —  ♦ . ... 

s 

Chemical  reac¬ 
tion  or  state 

Sensitivity  of  volume  to 
chemical  reaction  or 
state 

Phase  change  or 
structure  change  In 
a  material 

Shrinkage  of  poly¬ 
mers  during  cure. 
Correlates  with 
degree  of  cure 
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remnant  effects  must  be  Identified.  The  prob¬ 
lem  here  art  closely  allied  to  the  past  history 
of  the  material  and/or  geometric  factors  which 
determine  the  LIP  [5]. 

TYPICAL  MANIFESTATIONS  OF  LATENT 

iroiWTrcyPBWgms - 

Tables  VIII,  iX,  and  X  show  a  limited  number 
of  possibilities  of  latent  Information  parame¬ 
ters.  It  Is  1if>ortant  to  note  the  systematic 
method  by  which  such  effects  can  be  investiga¬ 
ted. 

First  select  a  latent  Information  parameter, 
such  as  electrical  resistance.  Secondly,  list  a 
nuaber  of  independent  variables  which  may  affect 
it.  Thirdly,  express  an  incremental  change  of 
the  LIP  {total  differential)  as  a  sum  of  the 
partial  differentials  multiplied  by  the  incre¬ 
mental  change  of  each  variable. 

Table  VIII  identifies  the  effects  of  temper¬ 
ature,  strain,  pressure,  magnetic  fields,  lumi¬ 
nous  intensity,  hunidity,  fractional  concentra¬ 
tion  of  chemical  elements  (composition)  and 
state,  phase,  and  structure,  on  electrical 
resistance.  Each  of  the  partial  derivatives  can 
be- used  as  a  transducing  process  from  some 
energy  component  or  neasurand  into  latent  infor¬ 
mation  (resistance  change).  Such  effects  may  be 
temporary  or  permanent,  with  uses  as  indicated. 
This  approach  identifies  the  earlier  statement 
[6]  that  all  transducers  respond  in  all  ways 
they  can  to  all  factors  of  the  environment.  The 
measurement  engineer's  job  is  to  enhance  the 
desired  responses  to  the  desired  environmental 
factor  and  to  suppress  all  other  environment- 
response  combinations.  Table  XI  identifies  the 
possibilities.  The  processes  of  enhancement  and 
suppression  have  been  treated  extensively  else¬ 
where  [1,5,6].  Table  XII  illustrates  the  prob¬ 
lems  for  a  bonded  resistance  strain  gage,  in 
sumnary  [7]. 


Typical  permanent  effects  of  extreme  utility 
to  computer-memory  applications,  and  which  are 
controllable,  are  just  being  discovered  and 
brought  to  comnercializatlon  [8,9]. 

Table  IX  Illustrates  that  each  of  the  par¬ 
tial  derivatives  is  itself  a  function  of  a  num¬ 
ber  of  Independent,  environment-control  1 ed 
variables,  and  that  the  various  second-order 
partial  differentials  exist  to  act  as  possible 
transducer  bases  or  as  sr  ces  of  confusion, 
noise,  interference,  or  wnatever  name  one  gives 
to  anything  but  the  desired  response  of  the 
transducer  to  the  desired  environmental  factor 
to  be  observed  today  [6].  It  should  be  noted 
that  Individual  references  which  describe  actual 
case  histories  and  numerical  values  for  each  of 
these  effects  are  to  be  found  in  large  number  in 
the  Strain  Gage  Encyclopaedia  [7],  when  strain 
gages  are  the  sensor  of  interest.  To  the 
author's  knowledge,  this  approach  has  not  been 
extensively  applied  in  a  systematic  manner  to 
any  other  type  of  sensor  or  transducer.  These 
references  will  not  be  cited  here. 

Table  X  illustrates  sone  of  the  Independent 
variables  affecting  the  volume  within  a  defined 
region  of  space.  Note  that  each  of  these  par¬ 
tial  derivatives,  in  turn,  depends  on  a  host  of 
others. 

Numerous  examples  from  the  published  litera¬ 
ture  regarding  evidence  of  state  of  cure,  cure 
cycle,  and  post-cure  effects  in  plastics  and 
ceramics  (firing-cycle  Instead  of  cure),  as  they 
are  evidenced  by  volumetric  changes,  which 
create  havoc  in  strain  gage  installations,  are 
covered  in  the  Adhesives  discussion  in  the 
Strain  Gage  Encyclopaedia,  for  example  [7]. 

Table  XII  illustrates  some  of  the  possible 
responses  of  a  resistance  strain  gage  to  just  a 
few  environmental  factors.  It  should  be  noted 
that  any  undesired  change  in  resistance  of  the 


TABLE  XI:  POSSIBLE  ENVIRONMENT-RESPONSE  COMBINATIONS  IN  A  TRANSDUCER 


ENVIRONMENTAL 
ASPECT  OR  FACTOR 

TRANSDUCER  RESPONSE 

SELF-GENERATING  (*) 

NON-SELF-GENERATING  (*) 

Temporary 

Permanent 

Temporary 

Permanent 

Desi red 
(Measurand) 

. 

Undesired 
(Sum  total  of 
all  other 
factors) 

(*)  See  Table  XIII,  Fig.  1,  and  the  accompanying  discussion 


Note  that  only  one  of  the  eight  combinations  shown  above  is  SIGNAL— the 
desired  response  to  the  desired  environmental  factor.  Hence  there  are 
seven  environment-response  combinations  which  are  noise  levels.  Note 
that  there  is  never  only  ONE  noise,  also  note  that  systematic  methods 
of  documenting  the  presence  or  absence  of  no'se  are  available  [l,f]. 
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TABLE  XII:  ENVIRONMENT-RESPONSE  COMBINATIONS  FOR  ELECTRIC  RESISTANCE  STRAIN  GAGE 
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filament  which  Is  temporary  Is  misinterpreted 
•s  a  load- Induced  strain,  and  any  permanent 
reslstanca  change  (due  to  resistivity  change) 

Is  Misinterpreted  as  speclnen  yielding,  plastic 
buckling,  or  pemanent  sat  of  a  Mechanical 
joint  or  of  a  bad  gaga  Installation.  With  all 
these  effects  coexisting  and  all  dependent  on 
the  past  history  of  the  specific  strain  gage 
Installation  [5j,  the  anount  of  confusion  pos¬ 
sible  In  the  data  Is  frighteningly  large. 
Systematic  approaches  exist  for  controlling  all 
these  effects,  and  documenting  whether  or  not 
at  any  Instant  during  a  test  they  affect  the 
data  [1,6,7]. 

Strain  gages  are  used  as  exanples  throughout 
this  article,  because  the  author's  background 
permits  hln  to  make  More  definitive  statements 
about  this  sensor  than  any  other.  Ncte  that 
the  problems  are  all-pervasive  and  that  the 
background  which  permits  an  understanding  of 
one  sensor  automatically  permits  an  apprecia¬ 
tion  of  the  problems  associated  with  any 
sensor  [5]. 

It  should  be  noted  that  among  Methods  for 
suppressing  the  undesired  responses,  or  the 
responses  to  undesired  environmental  factors, 
are  subtractive  cancellation  through  coamon 
Mode  rejection,  minimizing  by  division  through 
a  variety  of  deviation-minimizing  structural 
arrangements,  and  Information  conversion 
[1,5,6].  In  addition,  an  operating  point  may 
be  selected,  such  that  the  particularly  trouble¬ 
some  partial  derivatives  are  effectively  zero 
(l.c. ,  at  a  maxlmim  or  minimum).  This  approach 
has  been  illustrated  both  for  test  rig  design 
and  transducer  design  [20,1],  and  Involves  a 
combination  of  material  selection  and  geometric 
considerations.  This  method  Is  called  self¬ 
compensation,  and  Its  application  yields,  for 
example,  self-temperature-compensated  devices 
such  as  tuning  forks,  strain  gages,  etc. 


*  6E*ittLIZ£0  TMjKPUgR  CONCEPTUAL  MOOEL  [10] 

All  transducers  eidilblt  latent  Information  para¬ 
meters  which  must  be  activated  before  the 
Information  they  contain  Is  available  as  a 
pattern  of  properties  cf  a  wave  shape  of  an 
energy  coaponent,  or  Its  time  and/or  space 
functions.  The  simplest  conceptual  model  which 
accounts  fOr  the  above  facts  Is  Illustrated  In 
Figure  1. 

Two  energy  components  arriving  at  the  Major 
Input  port  create  changes  in  LIPs  within  the 
transducer;  such  changes  occur  about  a  given 
operating  point  or  Initial  condition.  The 
definition  of  the  Major  Energy  Input  Is  that 
Input  port  at  which  LIP-variatlons  are  Induced. 

Two  energy  components  arriving  at  the  Minor 
Input  port  Interrogate  the  LIP  In  the  trans¬ 
ducer,  or  activate  the  latent  Information  and 
carry  It  through  to  the  output  port  where  two 
energy  components  emerge.  One  of  these  (the 
Primary  Quantity)  carries  the  desired  informa¬ 
tion  on  some  pattern  of  some  property  of  some 
wave  shape  of  some  time  and/or  space  function 
of  that  energy  component. 

There  are  now  four  distinct  possibilities  as 
summarized  In  Table  XIII.  One  of  the  two  input 
ports  Is  usually  controlled  by  design  of  the 
transducer  and/or  the  measuring  system.  Thus 
an  example  of  a  design-controlled  Major  Input 
or  LIP  Is  the  nature  of  the  material-property 
discontinuity  of  thermoelectric  power  across 
the  junction  of  a  thermocouple.  An  example  of 
a  design-controlled  Minor  Input  Is  the  constant- 
voltage,  constant-frequency  excitation  of  a 
linear,  variable,  differential  transformer.  If 
both  input  ports  are  design-controlled,  a  source 
(voltage  oscillator,  for  example,  or  constant 
temperature  bath)  results.  If  neither  input 
port  Is  design-controlled,  either  a  computing 


LATENT  RFSPONSE  / 

AROUND  AN  / 

INITIAL  / 

CONDITION.  / 

PERMANENT  OR  / 

REVERSIBLE.  // 

/  ACTIVATED 

.X  OR  DIRECT 

X  RESPONSE 

.X  THROUGH 

^X  INTERROGATION. 

MAJOR 

INPUT 

- —  OUTPUT 

♦ 

MINOR 

Energy  Conversion  Is 

INPUT  sunmarlzed  in  the 

“Transducer  Space" 


FIGURE  1 

TRANSDUCER  RESPONSES:  ENERGY  AND/OR  INFORMATION  CONVERSION 
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TABLE  HU:  TYPES  Of  RESPONSES 


t 

* 

l 


r 

! 

i 


\  MINOR 

MAJOR  - J INPUT 

1*>UT  \ 

DESIGN- 

CONTROLLED 

ENVIROWCNT- 

CONTROLLED 

|  j  0ES1GN- 

|  j  CONTROLLED 

Source  or 
Standard 

Self-Generating 

Response 

ENVIROMENT- 

CONTROLLED 

Non-Self- 

Generating 

Response 

Multiplier,  ' 

Computing  Element 
or  a  Problem. 

_ 

element  exists  or  a  problem  (noise  levels. 
According  to  the  definition  in  Table  XI J. 

The  other  of  the  two  input  ports  is  usually 
environment- con trolled;  that  is.  deliberately 
(hopefully)  affected  by  the  desired  environmental 
factor  to  be  observed  with  the  transducer.  Con¬ 
ditions  at  this  port  are  therefore  labelled 
Environment-Controlled.  For  a  thermocouple,  the 
Minor  Input  is  under  environment-controlled  con¬ 
ditions.  For  a  differential  transformer,  the 
displacements  (and  forces)  which  move  the  core, 
provide  differential  magnetic  reluctance  paths 
(latent  information)  within  the  LVOT;  it  is 
therefore  identified  as  having  an  environment- 
controlled  Major  Input. 


then  8*  major  sets  of  possibilities  exist  within 
which  there  are  numerous  variations.  The  first 
organized  systematic  approach  to  the  presenta¬ 
tion  of  these  possibilities  was  given  in  the 
Transducer  Space  concept  [1].  The  method  is 
based  on  pioneering  work  by  Lion  [11]  modified 
to  account  for  the  latent  information  nature  of 
transducers.  Since  .-nergy  processing  in  measur¬ 
ing  systems  Is  not  the  topic  of  this  paper,  no 
further  discussion  will  be  given. 

In  subsequent  examples  cited  in  this  paper,  an 
indication  of  the  energy  processing  mechanisms 
in  specific  transducers  pill  be  given. 

INFORMATION  PROCESSING 


By  coMon  practice,  the  words  SELF-GENERATING 
(or  active)  RESPONSES  are  applied  to  transducers 
with  design-controlled  latent  information  para¬ 
meters  or  Major  Inputs,  and  the  words  NON-SELF¬ 
GENERATING  (or  passive)  RESPONSES  are  applied  to 
transducers  with  design-controlled  Minor  Inputs. 
Note  that  this  transducer  model  shows  for  the 
first  tine  the  indisputable  relationships  between 
these  responses,  and  the  brutal  fact  that  every 
transducer  will  quite  obviously  exhibit  both 
responses  simultaneously.  This  fact  serves  as 
the  basis  for  the  nolse-docwentation  techniques 
previously  reported  [1.6,10].  A  more  comprehen¬ 
sive  nodel  to  account  for  the  behavior  of  real 
transducers  is  shown  in  Ref.  10. 

ENERGY  PROCESSING 


Energy  processing  within  a  transducer  involves 
the  possibility  of  any  energy  components  (or  any 
of  their  space  and/or  time  functions)  appearing 
at  any  of  the  three  minimum  n  uat>er  of  ports  of  a 
transducer.  If  one  tabulates  energy  forms  as: 

Chemical 

Optical 

Mechanical  j 

Electrical  ^  2  Cunponent$  for  each  form 

Thermal 

Magnetic 

Acoustic/Fluid 

Nuclear 


Information  can  exist  on  patterns  in  time  and/or 
space  of  a  total  of  8  properties  (involving 
three  wave  shapes— constant  levels,  sine  waves 
and  pulses).  There  are  thus  32  possible  coefcino 
tions  [1,2]  and  therefore  as  many  forms  in  which 
information  can  exist,  without  even  starting  to 
count  the  number  of  patterns  or  codes  which  have 
been  used.  Each  of  these  32  basic  Information 
forms  has  specific  advantages  and  specific  limi¬ 
tations,  such  that  32  measuring  systems,  each 
basc^'  on  a  different  form,  can  be  assembled, 
calibrated,  and  yield  32  different  answers  when 
exposed  to  the  same  measurand.  A  methodical 
approach  to  the  study  of  some  of  these  factors 
has  been  qiven  elsewhere  [1,7,15].  It  is  impor¬ 
tant  to  note  here  that  the  conversion  of  infor¬ 
mation-form  from  one  of  the  32  possibilities  to 
another  is  frequently  desired  as  a  method  of 
noise  suppression  or  signal  enhancement  [1,6,10] 
or  as  a  means  of  stacking  a  number  of  channels 
of  Information  side  by  side  in  the  time  or  fre¬ 
quency  domains  [1],  or  for  storage. 

It  can  be  shown  that  information  conversion  in  a 
transducer  is  ONLY  POSSIBLE  when  the  design- 
controlled  input  to  that  transducer  is  not  a 
constant  level.  Thus  OC-fed  devices  of  all 
kinds  are  not  capable  of  information  conversion. 
Table  XIV  identifies  the  transducer  operating 
modes  in  which  Information  conversion  is  possi¬ 
ble,  and  those  in  which  it  is  not,  and  suggests 
possible  symbols  for  their  presentation  in 
measuring  system  schematics.  [DC  =  static  * 
constant  level  =  zero  frequency  *  stationary] 
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Non-self-generating 

response  with  tine- 
dependent  pi  nor  Input 


Self-generating 
response  with  tine- 
dependent.  controlled. 
major  input. 

D  *  design- control 


Self-generating 
response  with  DC 
najor  input,  tine- 
independert,  design- 
controlled 


Non-self-generating 
response  with  DC  «r<nor 
Input,  tine-indepen¬ 
dent,  design- 
control  led 


Table  XV  Illustrates  both  self -genera ting  and 
non-self-generating  responses  for  electric  LIP- 
based  transducers  with  resistance,  capacitance 
and  Inductance  LIPs. 

These  principles  apply  to  all  transducers,  and 
It  has  been  shown,  for  example,  that  zero-based 
nechanical  pulse  carriers,  working  simultaneous- 
ly  with  PAM  and  PFN  Information  forms,  can  be 
made  to  yield  data  not  obtainable  In  any  other 
way  [1 ,14].  It  has  also  been  shown  as  far  back 
as  1956  that  under  certain  conditions  the  pulse 
repetition  rate,  or  sine  wave  frequency,  of  the 


carrier  can  be  a  fractional  part  cf  the  signal 
frequency,  and  all  of  the  information  contained 
in  the  signal  can  still  be  retrieved  [1,15].  An 
example  of  this  method  applied  to  a  mechanical - 
pulse-carrier  system  Is  given  In  References  14 
and  15.  which  anticipate  the  operating  principle 
which  the  sampllnq  oscilloscope  and  many  signal 
averagers  us  ed today . 

A  systematic  study  of  measuring  systems  accord¬ 
ing  to  the  principles  given  la  this  paper  reveals 
a  nimfctr  of  possibilities  which  either  contra¬ 
dict  directly,  established  textbook  statements. 


TABLE  XV:  TYPICAL  EXAMPLES  Of  0ES1GN-C0N7 ROLLED  MAJOR  AND  MINOR  INPUTS  FOR  ELECTRICAL  'HP’s 


LATENT 

INFORMATION 

PARAMETER 

•LIP' 

NAJOR 

INPUT 

MINOR 

INPUT 

OUTPUT 

COMMON  NAME  FOR  THE  TRANSDUCING  PROCESS 

Electrical 

Resistance 

Unit  change 

In  displace¬ 
ment:  strain 

Current 

OESIGN- 

C0NTR0LLE0 

Voltage 

Resistance  strain  gage;  resistance  devices 
related  to  linear  or  angular  displacement, 
of  all  kinds,  such  as  potentiometer  devices 

Displacement 

DESIGN- 

CONTROLLED 

Voltage 

Voltage 

Electrical  chopper,  if  design- control  led 
displacement  makes  and  breaks  a  contact; 
from  zero  to  Infinite  resistance,  periodically 

Electrical 

Capacitance 

Unit  change 

In  displace¬ 
ment:  strain 

Voltage 

DESIGN- 

CONTROLLED 

Charge 

Capacitive  strain  gage.  If  voltage  Is  non-DC. 
Capacitive  velocity  gage  (rate-of-change- 
of-strain  gage)  for  DC  Minor  Input 

Displacement 

DESIGN- 

CONTROUEO 

Vol  tage 

Charge 

"Vibrating  reed  electrometer"  or  Vibrating 
Capacitor,  for  sinusoidal  displacements 
[Ref.  12] 

Electrical 

Inductance 

Unit  change 

In  displace¬ 
ment:  strain 

Current 

DESIGN- 

CONTROLLED 

Voltage 

Inductive  strain  gaqe  for  non-DC  Minor  Input. 
Velocity  gage  for  DC  Minor  Inputs 

i 

.  .  ..  1 

Displacement 

DESIGN- 

CONTROLLED 

Current 

Voltage 

Magnetic  modulator  and  Second  Harmonic 
Generator  [Ref.  13] 

Note  that  In  these  examples  the  Major  Input  always  presents  potential -energy-storing  aspects  at  its 
Input,  whereas  from  the  Minor  In^ut  and  from  the  Output,  the  transducer  "i^-.ts"  like  a  powgr  dissi¬ 
pating  element  (primarily)  for  resistive  devices;  like  a  potential-energy-storing  device  (primarily) 
for  capacitive  devices;  and  like  kinetic-energy-storing  devices  (primarily)  for  inductive  devices. 
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?r  .riicb  yreld  entire  new  families  of  trans¬ 
ducers  have  not  yet  been  conceived.  Ex¬ 

perimental  evidence  indicates  that  the  textbook 
statements  are  often  incomplete  and  sometimes 
erroneous.  The  oe*  transducer  f dm i lies  which 
are  possible  [10]  are  only  held  up  by  develop¬ 
ments  in  materials  research.  It  turns  out  that 
modulated  piezo-electric  devices  and  thermo- 
cocpi=:  are  entirely  possible,  but  that  these 
require  raterials  with  properties  diametrically 
opposed  to  the  ones  now  being  ?xploited--hence 
materials  research  is  not  progressing  in  the 
direction  to  permit  the  construction  of  modula¬ 
ted  thermocouples  and  piezo-electric  devices. 
The  fact  that  they  will  work  when  the  materials 
become  available  is  established  beyond  doubt 
[10]. 

EXAMPLES  OF  TRANSDUCER  FORMULATIONS  ACCMPIjB 


This  section  gives  the  informatlon-and-energy- 
f low  schemas  for  several  comwm  transducers, 
according  to  the  Unified  Approach  to  the  Engi¬ 
neering  of  Measuring  Systems  and  the  conceptual 
transducer  model  reported  In  this  paper. 

The  devices  cited  are: 

1.  turbine-type  flow-meter 

2.  aercury- in-glass  thermometer 

3.  plezoelectrically  based  transducers 


4.  thermocouple 

5.  electric  resistance-based  sensors 

6.  vacuus  tubes  as  voltage-controlled 

resistors 

For  each  category,  the  f<  Homing  information  is 
given: 

A.  Type  of  response  desired:  self-generating 
or  non- self-generating. 

B.  Energy  components  Involved  at  the  various 
ports. 

C.  Latent  Information  components  Involved. 

0.  Information  form  Involved  at  the  variaus 

ports. 

E.  Htasurand  and  Its  relationship  to  the 
energy  component. 

F.  Information  processing  involved. 

6.  Energy  processing  Involved. 

An  Incrementally  linear  mathematical  model  for 
the  transducer  Is  given,  for  sons  of  the  devices. 
The  coefficients  irlthln  this  model  are  Lift,  as 
will  clearly  ha  recognized. 

The  basic  method  for  generating  the  coefficients 
which  are  required  Is  taken  from  Bef.  1.  The 
coefficients  ttamselves  are  taken  ^ram  Refer¬ 
ences  1.4.  1A.  17. 


Pattern  in  Space  of 
blade  profile  In  / 

terra  of  Advance  / 

Ratio,  J.  y 


Energy  conversion 
without  Informa¬ 
tion  conversion 


Mechanical  energy 
Analog  Info. 

YE9  “ _ 


y Pattern  In  Space  of  blades 
/  or  teeth  In  the  form  of 
7  presence  or  absence  of 
material 


Information  conversion  without! 
energy  conversion  I 


Fluid  energy 
Analog  info. 


/Mechanical 
"  <  Energy 
1  PFM  Info. 

-1  V 


Magnetic  or  Optical  or 
Electric  Energy,  Design- 
controlled  Analog  Info. , 
or  other 


Latent  information  In  the  form  of 
magnetic  reluctance,  optical  density, 
or  electrical  capacitance  or 
capacitive  reactance 


V  =  volume 

p  =  pressure 
a.  -  angle 

w  =  angular  velocity 
x  =  torque 


Electric  or  Optical  (to  be  applied 
to  photodetector)  or  Electric  PFM 
Information 


FIGURE  2 

A  TURBINE-TYPE  FLOW -METER  AS  INFORMATION  ANO  EKERGY  PROCESSING  COMPONENT 
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A  Turbine-Type  Flow-Meter  as  Information 
and  Energy  jjreggSTfi  towponent  Pit  Figure  2). 
nuT3w5rgy-Tn~0ie  form  of  ffow  rat*  and  pres¬ 
sure  act  on  the  air-foil  blades  of  the  “turbine* 
and  create  a  rotational  speed  of  the  rotor, 
against  a  restraining  torque.  The  flow-speed 
relationship  Is  governed  by  the  advance  ratio 
(J)  of  the  air-foils.  The  restraining  torque  Is 
governed  by  bearing  friction  and  back-reactions 
from  the  design-controlled  «inor  input  of  the 
last  stage  of  energy  conversion  (ex.  Magnetic 
forces). 

By  distributing  material  in  space  In  a  pattern 
of  presence -or-absence  of  Material,  the  analog 
velocity  Is  converted  Into  PfH  Information.  The 
nwber  of  blades  on  the  rotor  Identify  the  angu¬ 
lar  Increments  which  can  be  detected  or  the 
frequency  of  blade  passage  for  a  given  rotcr 
analog  speed. 

The  pattern  of  presence/absence  of  Material  is 
converted  into 

a.  an  electrical  output  by  detecting  blade 
passages  with  a  Monopole  pick-up  which  provides 

a  permanent  Magnet  (analog  Minor  Input)  surround¬ 
ed  by  a  coll,  such  that  the  passage  of  each  blade 
evokes  an  electrical  pulse. 

b.  an  optically-induced  electrical  signal 
by  having  the  blades  Interrupt  a  light-bean: 
focused  on  a  photocell. 

c.  an  electrical  output  created  when  each 
blade  Interrupts  an  electrostatic  field,  or  uhen 
each  blade  produces  a  change  In  capacitive  reac¬ 
tance  when  It  passes. 


FIGURE  3 


For  high  transfer  ratio  dL/de  it  is  necessary 
to  start  with  the  largest  volune  V0  of  a  liquid 
with  high  volune  thermal  expansion  coefficient, 
being  pushed  Into  a  tube  of  the  smallest 
area,  A. 

S  *  entropy 

F  ■  force 

Mg  *  design-controlled  major  1nput*.V0; 
(l/V0)(3V/36);  A 

9  '  temperature  Increment  starting  from  0 


A  Hercury-1n-6Uss  Thermometer  as  Informa¬ 
tion  and  Energy  Process Ira  Device  (5ce  Table  X). 
For  a  tube  of  constant  area  and  under  con¬ 
stant  pressure.  In  the  absence  of  external  forces 
(centrifugal.  Magnetic,  etc.)  and  abutting 
against  an  Initial  volune  filled  with  a  liquid: 

Initial  condition  or  operating  point: 


l  «  C]F  ♦  C2«  a  linear  model  around  the 
operating  point.  Assuming 
S  ■  C3F  ♦  C4e  that  there  Is  no  opposing 
force,  F: 


L  *  C2s  the  relationship  between  output 
length  and 


At  temperature  eq  the  liquid  occupies  volume  Vq. 
All  of  the  liquid  Is  assisted  at  constant  tempera¬ 
ture.  at  all  tines. 

The  temperature- induced  volume-increment  can  be 
expressed  by  geometric  factors: 

dV  ■  A  dl  A  =  area  of  the  tube 

and  by  material  properties 


Hence: 

dl  e  1  ,3V 
3a  31  '  36 


S  *  046  the  thermal  Input  characteristics. 

The  assumption  of  constant  force  can  be 
approximated  extremely  well  In  real  liquid- 
filled  thermometers. 


Plezoelectrlcally-Based  Transducers. 


Piezoelectricity:  Some  crystals  which  are  anl- 
sotroplc,  such  as  quartz  and  tourmaline,  gener¬ 
ate  a  charge  when  mechanically  strained.  The 
effect  Is  reversible  and  phase  sensitive.  A 
displacement  applied  to  such  crystals  with 
asymetrlcal  charge  distributions  causes  a  rela¬ 
tive  displacement  of  positive  and  negative 
charges  within  the  lattice.  This  effect  pro¬ 
duces  equal  and  opposite  charges  on  the  faces 
of  the  crystal . 


y 

dl  .  0  rl  aV-i  _  c  Ferroelectricity:  On  a  pci ycrystal line  scale, 

IT  % -  38J  *  l2  there  are  zones  of  spontaneous  polarization 

similar  to  the  local  domains  in  ferro-magneti c 
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materials.  These  zones  are  partially  oriented 
by  the  application  of  an  external  electric 
fiel<i.  A  ferro-electric  material,  once  polar¬ 
ized,  can  he  considered  an  artificially  piezo¬ 
electric  material.  Electrically,  it  is  aniso¬ 
tropic. 

For  a  given  natural  or  artificially  induced 
polarization: 

Independent  variables,  F  =  force 
V  =  voltage 

Dependent  variables,  i  1  displacement 
Q  -  charge 

Linearly,  or  incrementally  linearly  around  an 
initial  condition  or  operating  point: 


L  *  length  dimension  related  to  geometry  of 
the  material. 

A  •  area  dimension  related  to  geometry  of  the 
material . 

i.j  »  subscripts  identified  with  directions, 

d  »  piezoelectric  strain  constant  for  the 
material. 

S£  *  compliance,  which  is  higher  for  short- 
circuit  conditions  (here)  than  for  open- 
circuit  ones. 

t  >  dielectric  constant,  which  is  higher  for 
free  end  (here)  than  fixed  end  conditions. 

d<4  *  di4  since  the  process  is  considered 
1J  reversible. 

g  •  Piezoelectric  stress  constant,  higher  for 
free  than  fixed  end  conditions  (free  end 
here). 

Design-controlled  major  input:  Polarization 
and  geometry.  Initial  condition  identified  by 
subscripts  -o\ 

Table  XVI  identifies  the  symbols  employed  In 
defining  the  piezoelectric  material  properties. 
Note  that  reversible  transducers  such  as  piezo¬ 
electric  ones  illustrate  the  effects  of  bound¬ 
ary  conditions  on  calibration  data  most  effec¬ 
tively.  The  Golden  Calf  Effect  [18]  of  using 
calibration  data  under  boundary  conditions 
different  fra*  those  for  which  they  were  deter¬ 
mined  is  serious.  Thus,  the  Input  coefficient 
C2,  the  compliance,  is  higher  for  short-circuit 
conditions  than  open-circuit  ones.  Indicating  a 
lower  resonant  frequency  and  a  different  fre¬ 
quency  response  curve  for  the  mechanical  char¬ 
acteristics  of  the  piezoelectric  device  for 
charge-amplifier  readout  than  for  voltage- 
amplifier  readout.  Similarly,  the  input  bound¬ 
ary  conditions  determine  the  output  coefficient 
C3,  the  Internal  capacitance  of  the  device. 

Thus  under  free-end  input  conditions  of  zero 
force,  the  capacitance  is  higher  than  for  fixed- 
end  conditions  of  zero  allowable  displacement. 
Since  the  cable-capacitance  corrections  for 
piezoelectric  devices  are  determined  by  the 
transducer  output  capacitance,  and  that  capaci¬ 
tance  depends  on  the  clamping  conditions  under 
which  the  piezoelectric  material  is  constrained, 
problems  may  arise.  These  problems  are  among 
many  discussed  in  the  literature  on  the  subject 
[19]  but  hardly  demonstrated  as  simply  as  in 
the  preceding  section. 

A  Thermocouple  According  to  the  Gradient 
Approach  (See  Figure  5).  Tne  thermoelectric 
effect  is  one  of  voltage  generation  along 
homogeneous  electrical  conductors  in  tempera¬ 
ture  gradients.  Thermocouples  take  advantage 
of  the  effect  by  maximizing  the  differential  - 
voltage  generating  ability  of  materials  of 
different  history,  electrically  connected. 


This  differential  history  is  most  often  one  of 
chemical  composition,  but  heat  treatment  and 
cold  work  are  known  to  produce  differential 


TABLE  XVI:  TYPICAL  SYMBOLS  ENPLOrEO  IN  DESCRIBING  PROPERTIES 

!  - yTiraBiemciifHnjm  n?!  - - 


These  sjrtols  Identify  properties  of  materials  and  not  of 
physical  elements  aide  fro*  the  Materials 


r — open-circuit  electrodes 
0j|—  stress  In  1  direction 
• — strain  In  1  direction 

i— short-circuited  electrodes 
$  ^stress  around  3  direction 
i— strain  In  3  direction 

COMPLIANCE 

.  STRAIN 

5TB5S 

All  stresses  other  than  the  stress  Involved  In  one  subscript  are 
held  constant.  Also  applied  as  noted  {*). 

r — constant  stresses  on  the 
_T  Material  (no  forces,  ex.) 
£l  Free  eod. 

r— constant  strains  on  the 
<}  Material;  no  deformations 

Ki  In  apy  direction.  Fixed- 
l  end  conditions. 

•—Electrodes  _J_  3 

1 —  Electrodes  J_  1 

DIELECTRIC  CONSTANT 

_  (CHARGE  DENSITY) 

(H.ECWC  FIKB) 

Relative  dielectric  constant,  K 

*  c/c°  c#  *  for  vacuua 

i — stress  or  strain  Is  In 
i  1  shear  around  the  2  axis 

f — this  subscript  used  only 
,  I  for  ceramics;  electrodes 

"IS  Electrodes  1  the  3 
* - axis 

Km  _L  3  axis,  stress  or  strain 
v  equal  In  all  directions 

I  3  axis 

j  ELECTROMECHANICAL  COUPLING 

r— piezoelec trlcally 

1 — stress  applied  equally  In 

1  Induced  strain,  or 

1,  2,  and  3  directions. 

fl  »  applied  stress  In 

33  3  direction. 

1 — Electrodes  3  axis 

Q  ■  (hydrostatic).  Electrodes 
h  3  axis  for  ceramics, 

an?  2  axis  for  lithium 

sulfate 

PIEZOELECTRIC  STRAIN  CONSTANT  • 

«  SHORT  CIRCUIT  CHARGE/ELECTRODE  AREA/APPLIED  STRESS  (*) 

1 — applied  stress  or 
piezoelectrical  ly 
fl  1  Induced  strain  Is  In 
*31  the  1  direction. 

' - Electrodes  _J_  3  axis 

i— applied  stress  or  piezo- 
el  sctrlcally  Induced 

Q  1  strain  In  shear  around  2. 
i_  Electrodes  _J_  to  1  axis 

PIEZOELECTRIC  STRESS  CONSTANT  = 

STRAIN 

APPLIED  chaRge/eLEctrode  AREA 

FIELD 

IIIHIIIII  II  — 

(«)  Axis  Of  poling  field  *  3.  Shear  around  1  =  4,  around  2=5, 

shear  around  3=6 


thermoelectric  properties  even  In  materials  of 
Identical  chemical  composition.  Very  minor 
.  hanges  In  chemical  composition  in  any  Material 
■ay  produce  drastic  changes  In  Its  theemoelec- 
trlc  behavior  [8], 

Frum  Moffat:  [Chapter  18,  Ref.  1] 

The  voltage  generated  In  a  loop  made  of  tuo 
homogeneous  conductors  of  different  thermo¬ 
electric  power: 

Enet  "  £  e1  *  $  '  *  \fL  £2  *  lx  *  * 


_  .  At 
dt  *  C  •  T‘ 

a* 


If  c  Is  not  a  function  of  distance  ( homogeneous 
conductors),  spatial  dimensions  aay  be  replaced 
by  thermal  limits  at  the  spatial  Units: 


A  Thermocouple  Accordl 


.  z  "it  n  mi  eti  a u 


Unified 


■  (t1  -  *2>dt 


e  ■  w1  ■  ^ 

c  *  Absolute  value  of  electromotive  force. 

k  ■  Peltier  coefficient. 

P 

If  the  thermoelectric  power  Is  not  a  function 
of  temperature  or  distance  along  the  conductors: 


x  ■  Incremental  distance, 
u  ■  Thompson  coefficient, 
t  »  Incremental  temperature. 

T  *  absolute  temperature. 

This  Information  Is  tabulated  for  various 
e -pairs  and  T]  values. 


.Lenqth  L 
’Temperature  Tj 


Length  Ref.  C 
Temp.  Ref.  T. 


Latent  I _ ^p 

—  OUTPUT 


I  ♦  I  »*  • 

MI  NOP  INPUT 
FIGURE  6 

Major  Input: 

Design-controlled  by  material  selection  of 

V  V 

Usually  fixed  and  time-independent. 

Minor  Input: 

Primary  quantity: 

Temperature  difference,  9  *  T?  -  T1 


Temperature  level  T  (absolute) 
Reference  temperature  T 

Secondary  quantity: 

Entropy  S1 

Thermal  energy. 

Usually  In  analog  form. 

Output: 

Primary  quantity: 

Potential  difference  E 

Current  I 

Electrical  energy. 

Usually  In  analog  fora. 

Energy  Conversion: 

Theneal-electrlcal  at  constant  material 
properties. 

Information  conversion: 

Not  possible  at  constant  material 
properties. 

Relationships  [4]: 


et  '  zn 


i  ♦  tf]  s 


9  -  -  (^]  •  Q  +  [J-]  s 
p  p 


FIGURE  5 
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kp  >  Nltler  coefficient 
Cp  *  hut  capacity  (*) 

Z|<  ■  adiabatic  resistance  of  the  junction 
Q  ■  charge  flawing  through  the  Interface 
Et  ■  therual  emf  generated 


A  Thenaocouole  According  to  the  Unified 
Approach  Mode  lied  as  a  blfTerentlal'iy  coupled 

suggsr 


Ei  *  |^£i  S  *  “* +  |T|ei  * dt  *  «i<VV  *  £ie 

E2  "  ££2  T  *  *  *  Jj|c2  •  dt  -  e2<W  "  e26 

OUT  *  (Ei  -  E2)  -  e(Cl  -  c2) 


which  Is  often  expressed: 

*  K* '*1 


or  as: 


1 

5 


'»q. 


the  q^-coefflclent  of  resistance. 

R  ■  the  Initial  value  of  resistance  at 
condition  qi 
■o 

R  *  the  final  value  of  resistance  at  condition 

q,  -  q,o  ♦ 

aR  *  the  resistance  change  (R  -  RQ) 

aq1  «  the  q] -change  (qj  -  q1  ) 

o 


Given  an  electrical  Minor  Input  to  Interrogate 
the  sensor  resistance,  or  to  activate  It,  as 
shown  In  Figure  8,  and  a  resulting  electrical 
output.  Voltage  detection  Is  very  canon ,  and 
Is  Illustrated.  It  Implies  current  excitation, 
also  shown. 

Figure  8  Models  the  device  as  an  energy  and 
Information  processing  transducer,  assuring 
Increuental  linearity  about  an  operating  point 
Identified  by  subscripts  *0”. 

Select  as  Independent  variables,  since  they  can 
usually  be  easily  controlled:  q^,  1,  and  I. 

The  governing  relationships  then  are: 


(e-e0)  -  k1{q1-q1  )  +  k2{1'V  +  k3{I*Io) 

(V-V0)  -  k4(qrqi“)  ♦  k5(1-10)  ♦  k6(I-l0)  (2) 

(q2-q2  )  -  k7(q1-q1  )  +  kg(1-10)  +  kg(I-I0)  (3) 

0  o  ' 


General  Case  for  Electrical  Resistance  Based 
Detectors'.  Given  an  electrical  resistance  ~ 
detector  for  which  the  relationships  between 
environmental  factor,  qi,  and  electrical  resis¬ 
tance  can  be  expressed  in  the  following  form: 

R  -  R0(l  +  K-Aq,) 


(*)  The  heat  capacity  at  constant  pressure. 


Cp  •  specific  heat  at  constant  pressure 
m  *  mass 


For  the  sample  circuit  Illustrated,  V  *  e  so  that 
equations  2  and  3  are  Identical  and  k,  *  k,, 
k2  -  kg,  kj  »  k6. 

Evaluating  the  coefficients  k,,  k2,  k,  as 
examples: 

kj  *  Ae/A q1  for  a1  *  Al  *  0 

Vie  ’  (Io*1o)(Ro+aR) 

Ae  »  (I0-10)(aR) 

but 

hence 
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<VV  *0 


ql 

major— 

I RPUT - 

**2 


I—  OUTPUT 


.Illy  "I** 

*rT  r  input 

THREE-PORT  MODEL 


INITIAL  CONDITION 


(‘o  ♦  Alo> 


(V  +aV)  (Io+a1 

0  -  -V*i) 


<VA1) 


{*0  +  “> 


Initial  Condition: 

eo  *  V*o  *  V 

Final  Condition: 
e0  ♦  ae  *  (R0  +  «R)(I0  ♦  al 
- 


FINAL  CONDITION 


FIGURE  8 


K  *  “/^|  •  (I0-10)(N0)(K)  1 
or  for  1fl  *  0,  open-circuit  conditions: 
ae/aq,  ■  I0*R0*K 

k2  ■  ae/al  For  a<||  ■  0  (R  •  R0),  and  al  ■  0 

V“  *  <VVAl)Ro 

ae  *  -a1*R0 
k?  *  ae/al  ■  -R0 

kj  =  ae/al  for  al  *  aq^  =  aR  *  0 

V  *  =  (,o+  Mo)Ro 

■■  1R0 
kj  «  ae/al  =  RQ 

Hence  equation  (1): 

ae  *  Ro(Io'VK’Aql  ‘  VAl  +  Ro’Al 

For  a  constant-current  source  I  =  o  and  for 
open-circuit  read-out  conditions,  1  «  al  *  0, 
so  that 

ae  *  Wk'ql 


This  represents  the  maximum  voltage  output  from 
a  resistance  sensor  of  the  type  discussed  here. 
In  any  electrically  passive  network  (circuit  or 
structure). 

The  Vacuum-Tube  as  a  Voltage-Controlled 
Resistor.  The  linearized  approximation  of  a 
trlode  Is  shown  below.  The  pertinent  charac¬ 
teristics  are: 

u  *  (aE/ae)  at  constant  plate  current, 
the  Amplification  Factor 

r  «  (aE/al)  at  constant  grid  voltage,  the 
p  Plate  Resistance 

Ec  •  the  cut-off  voltage 
Efc  «  plate  voltage 
Ip  ■  plate  currant 

R  ■  total  resistance  at  the  operating 
°  point  *  E0/I0 

From  the  Illustration  (Figure  9)  it  Is  seen  that 

E  *  E  ♦  I  *r  +  lie. 
o  c  o  p  o 

Dividing  by  I0> 

Ro  *  rp  +  +  (l,/Io),eo 

As  the  grid  voltage  changes  by  ae,  a  resistance 
change  aR  occurs: 


$ 


i 

f 


~  *  V-  *  K  in  units  of  volts 
**  *0  at  Et./Bllllwws 

at  l£  par  ■1111- 
volts  at  a. 


Overall,  than: 


R0  +  tM  -  R  -  (rp  +  ^  ♦  Ke0) 


*  K *ae 


- f\, - o 

R0  &R  *  K*ae 


FIGURE  9 


The  vacua  tube  has  bate  modelled  as  a  VOLTAGE- 
CONTMU.EO  RESISTOR.  It  should  be  noted  that 
for  sane  vacua  tubes,  geometric  relationships 
between  grids,  plate,  and  cathode,  are  the 
basis  of  the  transduction  process,  notably  In 
the  vacuum-tube  acceleroueter.  In  that  case, 
an  acceleration-sensitive  resistor  results  as 
model,  and  the  variations  of  m  and  r«  with 
acceleration  aust  be  deternlned,  since  all  other 
parameters  now  raMln  fixed. 

fate  that  the  voltage-controlled  resistor  Model 
of  a  vacua  tube  does  not  supplant  the  incre¬ 
mental -voltage-source  nodel  used  by  electrical 
engineers.  It  Is  an  additional  aid  In  unify¬ 
ing  and  understanding  the  behavior  of  energy  and 
Information  processing  elenents—l  .e. , 
transducers. 

Similar  Models  can  be  constructed  for  transis¬ 
tors,  diodes,  and  any  component  normally  model¬ 
led  In  electrical  engineering.  A  differential 
amplifier  then  becomes  a  Wheatstone  Bridge,  and 
all  analyses  of  bridge  circuits  apply  directly. 

The  structure  (circuit)  Into  which  the  vacuum 
tube  Is  placed  for  activation  of  Its  latent 
(resistance)  Information,  will  determine 
whether  the  more  convenient  model  Is: 


R  «  R0  +  K-ae 

or 

aR  fIC  % 

r 

O  0 

i 


i 


PHYSICAL  MODEL 


FIGURE  10 

THE  VACUUM-TUBE  AS  A  VOLTAGE-CONTROLLED  RESISTOR:  ILLUSTRATIONS 
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LATENT  INFOMATIOti  PAMCTERS:  HOW  THEY  HANIUST  For  first-order  systems,  two  fotmu  lit  Ions  or* 
TBP6ELVK  possible: 


The  appearance  of  LIPs  as  Input,  output,  or 
transfer  coefficients  of  scalar,  vector,  tensor, 
and  Matrix  expressions  has  been  Identified  In  a 
previous  section.  A  brief  survey  of  how  LIPs 
appear  In  several  cannon  system  will  be  pre¬ 
sented  in  this  section. 

A. _ In  linear,  Lumped  Paraneter  System.  - 

Many  components  of  Measuring  system  are  used  In 
frequency  ranges  or  to  tine  scales  where  they 
can  be  Modelled  as  lumped  paraneter  (at  least 
Incrementally)  linear  components  with  reasonable 
success.  Many  links  In  the  Measurement  chain, 
Including  such  devices  as  load  cells,  accelero¬ 
meters,  pressure  transducers,  thermocouples, 
many  amplifiers,  some  filters,  and  even  certain 
distributed  parameter  links  such  as  cantilever 
beans,  etc.,  can  be  modelled  by  one  or  a  com¬ 
bination  of  linear  differential  equations  with 
constant  coefficients,  of  the  first  and  second 
order.  This  simple,  common  exaap'e  of  the 
Manifestation  of  LIPs  is  discussed  below.  Let 
the  modelling  relationship  be: 

d2q.  dQ, 

a  — J  ♦  B  -jr  ♦  Y  Q2  •  Qi<t)  (*) 


where  a  or  y  may  equal  zero  for  first-order  sys¬ 
tems,  and  where  Qj(t)  Is  the  excitation.  Input, 
forcing  function,  service  condition,  or  stimu¬ 
lus.  The  dimensions  of  each  tens  of  the  equa¬ 
tion  are  those  of  Q,  and  It  must  be  emphasized 
that  Q]  and  Q2  have  been  selected  according  to 
the  dimensional  relationship  of  Equation  (S), 
yielding 


iQ,l  •  IQjI  *  (Energy |  (5) 


latent  information  parameters  (LIPs)  such  as 
defined  In  Tab'e  VH. 


Equation  (4)  can 


a 


+  2  h  Wn  a 


(6) 

*1 

(7) 

«1 

5 

(8) 

also  be  rewritten  as: 


dQp  - 

5T+  V  “  °2  ’  (9) 


dQ, 

B  3P  ♦  *0aQ2  «  Q|(t)  (10) 

d*Q,  dQ, 

°  *  v  ar  *  M4*  oi) 

The  following  definitions  of  the  characteristics 
of  these  equations  apply: 


wn* 

the  undamped  natural 
'reqoency  of  the  second 
-.*der  system,  Eq.  (9) 

(12) 

h  c  — 

2/y*a 

the  damping  ratio  of  the 
second  order  system, 

Ed.  (9) 

03) 

w0  •  (v/B) 

the  characteristic 
frequency,  also  known  as 
the  break-point,  3-db 
point,  frequency  limit, 
70.7X  response  point, 
etc.,  of  the  first  order 
system,  Eq.  (10) 

(14) 

W#  ■  (B/a) 

the  characteristic 
frequency  of  the  first 
order  system,  Eq.  (11) 

(15) 

t  ■  (B/y) 

the  time-constant  for 
the  first-order  system, 

Eq.  (10) 

(16) 

t  ■  (a/8) 

the  time-constant  for 
the  first-order  system, 

Eq.  (11) 

(17) 

It  can  be  shown  that  the  energy  stored  In  the 
LIPs  Identified  above  In  Equations  (6),  (7),  and 
(8),  or  the  energy  dissipated  as  power  In  them. 
Is  directly  associated  with  each  LIP  as  follows: 
[1] 

Energy  stored  In 

an  a-element:  ■ 

dQ,  , 

S  0  (jf) 

stored  as  a  rate  of 
change  In  kinetic  form. 

(18) 

Energy  stored  In 

a  y-element:  * 

*1  Y  (Q2)2 

stored  as  a  level.  In 
potential  form. 

(19) 

Energy  stored  In 

a  s-element:  * 

None 

energy  Is  dissipated 
as  power. 

Hence,  one  can  associate  each  of  these  parame¬ 
ters  with  certain  physical  responses  In  the 
system  they  model.  It  should  be  noted  that  each 
of  these  parameters  may  contain  a  collection  of 
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■odelled  linear  lumped-parameter  elements 
Thus  It  Is  net  wnismI  in  Mechanical  systeas, 
for  example,  to  find  a  certain  combination  of 
Masses,  springs,  and  dampers  as  expressing  the 
a -tern,  for  exaMple.  The  exact  fore  of  each 
paraaeter  depends  on  the  systaa  ccaponents  and 
the  systen  structure,  where  the  concept  of 
"structure"  Is  used  to  identify  the  relation¬ 
ship  between  the  ccaponents,  soaetlnes  called 
the  circuit  or  the  network. 

In  recognition  of  these  possibilities,  the 
following  nonenclature  has  been  adopted  for  the 
study  of  such  systeas,  tdten  the  study  is  based 
on  energy-flow  (Eg.  5)  rather  than  the  wore 
standard  power-flow  concept  used  in  nost  text¬ 
books.  A  comprehensive  and  basic  treatment  of 
the  energy-flow  approach  is  given  in  Ref.  [1]. 

a  »  kinetic  energy  storing  parameter  for 
the  systaa  described  in  Eg.  (4) 


power  dissipating  para 
systaa 


eter  for  the 


t  *  potential  energy  storing  par 
the  systaa. 


eter  for 


The  systaa  characteristics  tabulated  in  Egs. 

(12)  through  (IT)  are  independent  of  the  forcing 
function  in  linear  systeas.  The  frequency 
dimensions  are  in  radians/second  and  could  be 
called  angular  velocity.  In  distributed  para¬ 
meter  systems,  characteristic  linear  velocity 
(wave  front  velocity)  will  aua-r  In  place  of 


w„  or  w  . 
o  n 


with  Parameters  Oistribu 


Sometimes  the  individual  components  identified 
In  the  earlier  sections  can  not  be  specifically 
separated  because  they  are  continuously  distrib¬ 
uted  and  no  one  component  can  be  made  to  pre¬ 
dominate  In  the  t1**-or- frequency-scale  of  the 
operating  conditions  of  the  transducer.  A 
simplified  version  of  the  equations  governing 
a  typical  one -dimensional  system  of  this  type 
Is  given  below  for  the  model  illustrated  In 
Figure  11.  The  equations  are  written  for 
voltage  and  current,  for  which  the  product  Is 
power  rather  than  energy.  This  distinction 
from  the  formulation  of  Equation  (3)  should  be 
noted.  Let: 

r  »  resistance  per  unit  length  of  an 
electrical  cable 

i  «  Inductance  per  unit  length  of  the  cable 

c  «  capacitance  per  unit  length  of  the 
cable 

g  «  conductance  per  unit  length  of  the 
cable. 


Current 

1(t,x) 

voltage  v(t,x) 


±j  t4 


- i 

~/T\~  | - 

t  i 


FIGURE  11 

MODEL  FOR  AN  INCREMENTALLY  LINEAR 
LENGTH  OF  CABLE 


The  governing  equations  arc  [1): 

ifi  .  a2  51  *  J  „  ,2  »* 

5?  r  51  ’  ‘  » 


a2v  .  a2  av 


.,24-  r*a2  — 
a?  »x 


The  above  equations  are  a  formulation  of  the 
vwva  eouatiows.  and  a  cable  operated  In  a 
frequency  region  or  to  time  scales  where  these 
effects  predominate  Is  called  a  transmission 
line.  The  following  system  characteristics  are 
identified  In  Eqs.  (20)  and  (21). 


/T7TicT 

the  wave  front 
(linear)  velocity 

A7c 

the  characteristic 
Impedance  which  governs 
the  reflection  and 
refra.tion  phenomena 
at  each  end  of  the 
cable,  or  where  dis¬ 
continuities  in 
geometry  or  material 
properties  occur. 

(s*6)|s*v) 

the  propagation  func¬ 
tion  which  determines 
the  time  delay,  attenu¬ 
ation,  and  distortion 
of  the  wave  as  it 
propagates. 

the  Laplace  operator. 

r/£ 

a  power  dissipating 
parameter  of  the  cable. 

9/c 

a  power  dissipating 
parameter  of  the  cable. 

'j(u+5) 

governs  the  attenuation 
of  the  wave. 

!j(u-6) 

governs  the  distortion 
of  the  wave. 
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TV  attenuation  Of  tv  traveling  Have  is  five* 
by  «  and  its  distortion  by  For  are  c  all 
frequently  coi|MM«ts  of  the  we  travel  at  equal 
velocity.  There  is  no  distortiM  because  the 
electrical  and  magnetic  energies  an  in  balance 
at  tke  tine  the  wave  strikes,  and  ns  adjustments 
are  necessary,  for  mm-eero  c.  each  frequency 
component  of  the  wave  travels  at  its  own  velo¬ 
city.  always  less  than  qp,  and  the  adjustment  to 
energy  unbalances  cause  wave  shape  distortion. 

for  a  mechanical  tar  of  length  L,  area  A,  density 
2.  and  elastic  nodulws  E,  the  equivalent  quanti¬ 
ties  would  bO: 

c  equivalent  to  k  the  compliance  per 
unit  length 

c  equivalent  to  n  the  mass  y*  unit  length 


k  *  M  *  per-unit -length  basis  (29) 

m  *  A-t*s  •  Av  on  a  per-unit-length 

basis  (30) 

Thus: 

a  ■  JUs  the  so-called  speed  of 

0  sound  or  celerity  In  a 

uni-dinensionsl  geometry  (31) 

2  *  A^s  *  the  dynamic  stiffness  (32) 


Rot  enough  Is  usually  known  about  the  internal 
tamping  mechanisms  In  materials,  so  that  the 
mechanical  equivalents  of  the  resistance  and 
conductance  par  unit  length  at*  usually  neglec¬ 
ted  and  assmwd  as  zero. 

It  can  be  seen  that  the  physical  quantities 
which  afr<»cC  any  c'.  the  LIPs  r,  A.  c.  or  g,  or 
their  mechanic*!  equivalents,  will  affect  a 
naaber  of  tenets  of  overall  system  performance 
characteristics.  Examples  of  these  are  reflec¬ 
tion  ard/or  refraction  phenomena  at  discontinui¬ 
ties,  through  effects  on  Z  ;  wave  front  velocity; 
tine  delay;  attenuation  or°distort1on  of  the 
wave  in  the  mediun  The  activation  of  latent 
information  can  therefore  occur  through  any  of  a 
ntmber  of  mechanisms. 

I*,  should  be  emphasized  that  the  traveling  wave 
equations  identify  pairs  of  traveling  waves. 

This  concept  agrees  with  the  transfer  of  energy 
or  its  rates  of  change,  such  as  power.  The 
comnon  neg.ee t  of  one  member  of  such  a  pa1r  -an 
lead  to  data  that  appear  unexplainable  and  'r- 
rational.  The  problems  arising  in  the  mea;jre- 
ment  of  traveling  strain  waves  in  mechanical 
structures,  with  electric  resistance  strain 
gages,  when  the  displacement-wave  is  not  remem¬ 
bered,  is  an  excellent  example  of  such  a  case 
(1).  The  displacement  wave  moves  the  strain 
gage  very  rapidly,  albeit  by  a  microscopic 
amount;  any  magnetic  flux  lines,  such  as  the 


earth's,  which  cut  the  rapidly  moving  loop  (or 
loops)  of  conducting  filament  representing  the 
strain  gage,  create  self  generating  responses 
Into  the  measuring  systen.  These  responses 
occur  to  the  same  time  scale  as  the  strains  to 
be  observed,  and  their  magnitude  Is  in  the 
neighborhood  of  a  millivolt  for  normal  condi¬ 
tions;  this  represents  a  sizeable  noise  level 
tdkich  must  be  dealt  with,  the  standard  noise- 
documentation  methods  inherent  In  the  Unified 
Approach  are  the  only  nethods  available  for 
handling  this  problem  [1,  f). 


C. 


In  Li 
uteif 


rear  Systems  with  Parameters  istrib- 
in  2  or  TSilTaT  Wmem(ow~: - 


A  nave  is  a  disturbance  moving  through  a  medium. 
For  transverse  waves,  particles  move  perpendicu¬ 
lar  to  the  direction  of  wave  propagation.  For 
longitudinal  waves,  particles  move  parallel  to 
the  direction  of  wave  propagation,  the  proposi¬ 
tion  already  examined  for  ene-dtaentional 
geometries  In  Case  B,  above.  Surface  waves  in 
two-dimensional  cases,  include  circular  or  ellip¬ 
tical  motion  of  the  particles.  In  the  general 
3-dinensional  case,  waves  transmitted  across  a 
boundary  may  be  subjected  to  effects  such  as  the 
following: 

a.  the  wave  may  travel  et  a  new  speed. 

b.  the  excitation  may  travel  at  a  new  wave 
length  or  frequency. 


c.  the  wave  may  propagate  In  a  new 
direction. 


d.  the  wave  may  propagate  in  a  new  plane  of 
polarization  (for  transverse  waves). 

e.  only  a  portion  of  the  energy  in  the 
wave  may  penetrate  the  new  medium  from 
the  source-medium:  the  refracted 
portion. 

f.  a  portion  of  the  energy  in  the  wave  may 
be  reflected  tack  into  the  source- 
medium:  the  reflected  portion. 


For  one- ( spatial ) -dimensional  waves,  the  reflec¬ 
tion  and  refraction  coefficients,  identifying 
those  portions  «f  a  specific  energy-component 
which  are  reflected  into  the  source  medium,  or 
transmitted  into  the  receiving  medium,  are 
governed  by  the  characteristic  impedances  or 
dynamic  stiffnesses,  Z  ,  of  each  medium  at  the 
contact  interface.  The  wave  propagation  velo¬ 
cities  are  governed  by  the  values  for  aQ  in  each 
mediun. 


in  a  large  solid,  dilatattonal  or  longitudinal 
waves  propagate  at  a  velocity 


where  u  » 
Poisson’s  ratio 
for  the  medium 


(33) 
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amO  rotatloool  distvtaKH  or  shear  wai, 
prodwelwg  particle  motion  porpemdlcvlar  to  the 
■m  propigitlom  <1  recti  on,  propagate  at  a 
velocity: 

•s  “  *o/?TTfJT  <34) 

Along  a  free  toundary,  Rayleigh  surface  naves 
are  propagated  auch  like  on  a  fluid  surface, 
and  are  attenuated  rapidly  with  depth  and  as  a 
function  of  frequency. 

In  wore  complicated  systems  such  as  those  asso¬ 
ciated  with  electromagnetic  fields  in  optical, 
electrical,  and  magnetic  systems,  where  proper¬ 
ties  such  as  index  of  refraction  are  described 
by  second  order  tensors,  additional  effects  nay 
occur,  which  can  be.  defined  as  latent  informa¬ 
tion  parameters.  In  two-dimensional  space,  a 
change  in  the  direction  of  a  ray  Is  possible, 
and  In  three-dimensional  space,  dnrrjst*  in  the 
orientation  of  a  plane  wa.e  may  occur.  Such 
angular  effects  are  especially  associated  with 
refractive  Indices  and  with  polarization 
effects.  Thus  latent  Information  can  be  activa¬ 
ted  by  the  determination  of  changes  in  angle  of 
polarization  of  components  of  the  traveling- 
wave  pair,  as  In  photoelasticity  or  In  the  Kerr 
cell. 

When  latent  Information  Is  activated  by  Inter¬ 
rogating  It  with  a  dinar  Input,  the  process  Is 
sometimes  referred  to  as  the  modulation  [2]  of 
the  Minor  Input  by  the  latent  Information  para¬ 
meter.  Some  of  the  pertinent  considerations 
for  electro-optic  modulators  are  discussed 
below  [21.22].  There  are  two  basic  types  of 
light-modulators— temporal  and  spatial.  Tem¬ 
poral  modulators  vary  electro-magnetic  charac¬ 
teristics  such  as  phase,  frequency,  amplitude, 
etc.  Spatial  modulators  vary  the  physical 
qualities  af  the  light  bean  such  as  direction. 
Intensity,  beam  width,  etc.  This  division  Is 
consistent  with  information  bolitg  carried  on 
patterns  In  space  or  time  af  properties  of  wave 
shapes  of  energy  components  [1,2,3].  In  the 
temporal  electro-optic  modulators,  two  types  of 
retardation  can  occur:  linear  retardation, 
called  the  Pockols  effect,  and  quadratic,  called 
the  Kerr  effect.  The  following  material  proper¬ 
ties  and  parameters  are  Important  In  electro¬ 
optic  materials  selected  for  modulator  design 
[21,22].  Note  that  many  of  these  can  act  as 
UPs. 

The  electro-optic  coefficient  (r)  relates  the 
Induced  birefringence  to  the  applied  electric 
field.  The  refractive  Index  (n)  determines  the 
speed  of  light  In  the  medium,  the  reflection 
losses  at  Its  surface,  and  the  "figure  of  merit” 
(n3r)  for  electro-optic  modulation.  The  trans¬ 
mission  properties  determine  the  spectral  region 
available  for  modulation.  The  relative  dielec¬ 
tric  constant  ( c)  determines  the  capacitance  of 
the  crystal  and  the  speed  of  electric  fields  In 
It.  The  loss  tangent  (tan  s)  determines  the 
electrical  loss  (modulation  power)  In  the 
crystal . 


The  electrical  resistivity  (c)  relates  to  spaa 
charge  effects  and  heating  of  the  meciiw. 

Crystal  symmetry  determines  the  non- zero 
electro-optic,  piezoelectric,  and  photoelastic 
coefficients  and  the  applicability  jf  the 
crystal  to  specific  device  configurations. 

The  photoelastlc  and  piezoelectric  properties 
determine  the  frequencies  of  undesired  piezo¬ 
electric  resonances  and  relate  the  eloped  to 
the  unclamoed  (fixed-end  to  free -end  boundary 
conditions)  electro-optic  coefficients.  The 
thermal  conductivity  of  the  medium  determines 
the  deleterious  birefringence  due  to  thermal 
gradients  In  the  crystal  heat  by  electrical  or 
optical  sources. 

The  refractive  Index  In  an  absorbing  medium  Is  a 
complex  number 

N  ■  n  ♦  j*k  (35) 


n  ■  c/v  the  refractive  Index  defined  as 
the  ratio  of  the  phase  velocity 
of  electro  magnetic  radiation 
In  vacuum,  (c).  to  the  phase 
velocity  of  the  same  radiatU  ■ 

In  the  material,  (v). 

k  Is  the  extinction  coefficient 

or  absorption  Index. 

Both  n  and  k  are  frequency-dependent,  or  wave- 
lengtF  dependent.  They  also  depend  on  tewpera- 
ture,  pressure,  nuclear  radiation,  and  material 
preparation  techniques,  which  Is  especially 
Important  for  thin  films. 

It  Is  seen  that  many  of  the  material  properties 
cited  above,  could  bo  used  as  LIPs  of  either 
permanent  or  reversible  types.  It  Is  equally 
apparent  that  certain  effects  desired  for  one 
application  may  be  undesired  for  others. 


D.  Other  Possibilities  In  Linear  Systems. 

Other  possibilities  exist,  for  example  In  piezo¬ 
electricity.  The  parameters  which  define  the 
property  of  piezoelectricity  are  called  third- 
order  tensors,  because  they  relate  first-order 
tensor  (the  electric  moment  produced)  to  the 
stress  applied  (a  second-order  tensor)[23]. 

The  nunfaer  of  such  parameters  varies  from  one 
to  18,  depending  on  the  materials  Involved.  In 
a  semi-conductor,  the  piezo-resistive  effect  Is 
described  by  stating  the  relationship  between  c 
stress  tensor  and  an  electric  resistance  tensor. 
It  can  be  shown  that  the  ple.o-reslstlve  tensor 
(the  basis  of  the  electric  resistance  strain 
gage)  Is  a  fourth  rank  tensor  which.  In  general, 
contains  81  terms.  It  has  been  stated  that  If 
a  shear  stress  Is  applied  to  a  suitable  form  of 
semiconductor  material,  the  property  that 
changes  is  the  ratio  of  an  electrical  field 
component  to  a  perpendicular  current  density 
component  [24].  In  the  absence  of  a  shear 
stress,  this  ratio  has  a  value  of  zero.  Since 
the  material  most  frequently  used  for  semi- 
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conductor  strain  censors  Is  silicon  which  Ms  a 
cubic  structure,  only  three  terns  of  the  tensor 
tre  retiined.  ind  these  are  of  the  fourth  rank 
tensor  type.  They  may  each  be  used  as  IIP*. 

E.  Hof) -linear  Systems. 

In  non-linear  systens  all  of  the  pa  ranters 
discussed  in  earlier  sections  km  becone 
amplitude -dependent.  Thus  each  amplitude  of 
strain  propagates  at  Its  own  velocity  dependent 
on  the  tangent-modulus  E*  *  d c/dt  at  the  strain 
amplitude  Ming  considered,  even  for  one- 
dioensinna1  nechanlcal  traveling  waves  such  as 
treated  In  Section  8  above. 

In  general,  non-linear  systems  are  frequency- 
creative  In  ’hat  the  frequency-content  of  an 
emerging  output  signal  need  bear  no  resemblance 
to  the  frequency-content  of  input  energy- 
components.  Such  effects  can  all  be  used  as 
LIPs  for  information  processing  (modulation). 

In  many  cases  they  represent  undesired  envlron- 
xent-response  conbl rations  which  are  to  be 
suppressed.  The  general  noise-documentation 
methods  of  the  Unified  Approach  apply  to  these 
cases  [6}. 


ACTIVATION  OR  INTERROGATION  Of  A  LATENT 


Evidence  of  the  latent  Information  contained  1e 
a  LIP  can  only  be  obtained  by  Interrogating  It 
with  an  energy  component,  and  obtaining  as  a 
response  another  energy  component.  The  Informa¬ 
tion  obtained  in  that  LIP  will  be  carried  on 
some  pattern  of  some  property  of  some  wave  shape 
of  that  output  energy  component.  The  possibili¬ 
ties  of  activation  are  so  numerous  that  a 
systematic  study  of  them  is  given  elsewhere  [10]. 
Suffice  It  to  say  that  a  single,  lamred-para- 
meter  capacitor,  for  example.  can  have-  the  LIP 
it  contains  activated  In  at  least  the  following 
ways. 


1.  Measurement  of  the  value  of  C  Itself  as 
charge  per  volt. 

2.  The  time  constant  of  a  first-order  system 
Into  which  It  Is  Inserted. 

3.  The  characteristic  frequency  of  a  first- 
order  system  Into  which  it  Is  Inserted. 

4.  The  capacitive  reactance  at  a  known  fre¬ 
quency,  In  a  circuit. 

5.  The  magnitude  of  the  Impedance  formed  with 
a  known  series  resistance. 

6.  The  phase  angle  of  the  Impedance  formed  with 
a  known  series  resistance. 

7.  The  damped  natural  frequency  of  a  second- 
order  system  Into  which  It  Is  Inserted. 

8.  The  rate  of  decay  of  the  transient  response 
of  a  second  order  system  into  which  It  Is 
Inserted.  (Not  applicable  for  capacitance.) 

9.  The  resonant  frequency  of  a  specific  portion 
of  a  second-order  system  Into  tdild^  It  Is 
Inserted,  perhaps  maintained  at  forcing 
frequency  by  means  of  a  closed-loop  feedback 
arrangenent. 

10.  The  maxima  dynamic  magnifier  for  one  of  the 
energy-storing  responses  In  a  second-order 
system  Into  which  It  Is  Inserted. 

11.  Any  properties  In  any  of  the  multitude  of 
bridge  circuits  into  which  the  capacitor 
might  be  Inserted. 

The  systems  cited  above  may  be  excited  with  a 
transient,  such  as  a  step,  with  a  sine  wave,  or 
with  DC.  In  the  DC-excited  system,  a  tine- 
dependent  LIP  (or  capacitance.  In  this  case)  Is 
required,  resulting  In  a  linear  differential 
equation  with  tlae-de pendent  coefficients,  the 
responses  of  which  carry  the  LlP-Informatlon  on 
an  energy  component. 


|  DEDICATION 

■  This  paper  Is  respectfully  dedicated  to  the  memory  of 

WILFRID  L.  WALSH 

{ 

for  many  years  associated  with 
The  A.  V.  Deforest  Laboratory 
for  Experimental  Stress  Analysis 
“ASSACHUSETT5  INSTITUTE  OF  TECHNOLOGY 
Carrorldge,  Massachusetts 

j  friend  and  teacher  who  first  Inspired  me  with  the  possibility  tha .  making 
measurements  was  a  respectable  occupation  of  which  one  could  be  proud, 
j  ”Doc”  had  a  hand  In  the  development  of  the  bonded  resistance  strait:  gage, 
!  of  magnetic  particle  Inspection,  and  of  the  brittle  coating  method  of 
stress  analysis. 


106 


t.  Stein,  Peter  K. ,  Measure  mat  gmnjmmrimm, 
Vol.  I.  Basic  PrladgTtsTstela Engineering 
Services,  lee.,  Koonlx,  Arizona,  6th 
edition,  1970  (1st  edition,  1962). 

2.  Stein,  Pgter  k. ,  Sensors  as  Info  motion 
Processors,  Hesearch/Poreloomnt.  June 
1970,  pp.  34-45. 

3.  Stein,  Peter  k.,  The  Engineering  of  Mea¬ 
suring  System,  Jnl.  of  Metals.  Oct.  1969, 
pp.  40-47. 

5.  Stein,  Peter  K. ,  The  hole  of  the  Individual 
In  Transducer  Society,  SESA  Paper  at  the 
Fall  1970  Meeting,  Ooston,  Kits. ,  and 
tutorial  ?*per  at  the  First  Keasurmont 
Science  Conference,  California  Polytechnic 
Institute,  San  Luis  Obispo,  California. 
Qftlffltlon  llo.  a,  lahorotBor  far  Mea¬ 
surement  System  Engineering.  Arizona  State 


6.  Stein,  Fnter  K. ,  The  Response  of  Transdu¬ 
cers  to  Their  Envlrommnt.  Shock  6  Vlbre- 
tlon  Bull.  Vel.  40,  No.  7.  1989,  pp.  T-1S, 
alto  #roc.  6th  Transducer  Workshop.  IRIG, 
Range  fommahrtirs  Council  document  112-70. 
Wilts  Sands  IHssIle  Range,  N.  M.,  1970, 
m.  91-106.  and  Proc.  Strain  Gage  Technl- 

7.  Stein,  Peter  k. ,  The  Strain  Gage  Encyclo- 
paedl a,  Vol.  1 1  oTTfcasuranant  Engineering . 
Stein  Engineering  Services.  Inc.,  Phoenix, 
Arizona.  1962  (out  of  print). 

8.  Lessing,  Lawrence.  Great  Hopes  fron 
Ovshlnsky's  Little  Switches  Grow,  Fortune. 
Vol.  LXXXI,  No.  4.  April  1970,  pp.lTfl- 
114,  122-124. 

9.  Taylor,  George  W.,  Feasibility  of  Electro¬ 
optic  Devices  Utilizing  Ferroelectric  Bis¬ 
muth  Tltanate,  Pr;<,  IEEE.  Vol.  58,  No.  8, 
Aug.  1970,  op.  T28CT2297 

10.  Stein,  Peter  K. ,  Information  Processing  in 
Measuring  Systems,  Publ.No.  20.  Laboratory 
for  Measurement  Systems  Engineering. 

Arizona  State  University,  :empe,  Arizona, 
April  1970. 

11.  Lion,  Kurt  S. ,  Instrumentation  In  Sclentl- 
flc  Research,  McGraw-Hill  Book  Co..  New 
Yo'A7T«97 

12.  Palevsky,  Swank  and  Grenchik,  Design  of  a 
Dynamic  Condensor  Electrometer,  Rev,  of 
Scientific  Instruments.  Vol.  XVIII,  May 


13.  Williams.  F.  C.,  S.  W.  Noble,  Fundamental 
Limitations  of  Second  Harmonic  Magnetic 
Modulators.  Proc.  of  I.R.E..  Vol.  97.  Aua. 
1950,  pp.  44541*.  - 

14a.  Stein.  Peter  k..  Strain  Measurement  on  Ball 
Bearings  In  Operating  Gas  Turbines,  Strain 
Gaye  Readings^  Vol.  II,  No.  4,  Oct.-NovT 

14b.  Stein,  Peter  k.,  Strain-Sage -Cased  Shaft 
Whirl  Instnmmntatlon  In  Gas  Turbines, 

yiH:  ”• fc- 3- **" 

14c.  Stein,  Peter  k..  Measuring  Bearing  Strain, 
Instruments  >  Control  Systems.  Vol.  37,  No. 
ll,  Nov.  1964,  pp.  132-1 79. 

15.  Stein,  Peter  k. ,  Notes  and  Lectures  for  the 
advanced  Measurement  Systems  Engineering 
Course,  ME  462,  Arizona  State  University. 
Tcme,  Arizona.  laboratory  for  Measurement 


16.  Neubert,  H.  k.  P. ,  Bilateral  Electromechani¬ 
cal  Transducers:  A  Unified  Theory.  Royal 
Aircraft  Establishment  Report  TR  682*3. 

Oct.  1968,  Fa  mborough,  England 

17.  Clevite  Corporation  literature  on  Piezo¬ 
electric  Materials.  Bedford.  Ohio.  44146. 

18.  Stein,  Peter  k. ,  Traceability— The  Golden 
Calf,  Measurements  I  Data.  Vol.  2.  No.  4. 
July-Aug. .  l96&.  pp.  97-1 05;  Proc.  Western 
Regional  Conference  for  1968.  JE50C. 'WT^  ~ 
waukee.  Wisconsin.  1988.  pp/ 109- 121 . 

19.  Scbloss.  Fred.  Bulletins  1-10.  Wllcoxon 
Research  Coro. ,1eth*sda,  Maryland  2M14. 

20.  Moffat,  Robert  J.,  Uncertainly  Analysis, 
paper  distributed  at  the  lg2LS{BdL£gBi 
on  Measurement  Engineering  In  the  Thermo- 
jclencgs,  Stanford,  CfllfprnS: 

21.  Mllek,  J.  T. ,  S.  J.  Welles,  Linear  Electro¬ 
optic  Modulator  Materials,  Electronic 
Properties  Information  Center  Publication 
S-14.  Jan.  1976.  Hughes  Aircraft  Co.,  tulvcr 
City,  Cal.,  Air  Force  Materials  Lab. 

Contract  F33615-68-C-1225. 

22.  Moses,  A.  J. ,  Refractive  Index  of  Optical 
Materials  in  the  Infrared  Region,  EPIC 
Pub.  DR-166.  Jan.  1970,  AFML  Contract 
F3361 5-W-c-l 225  [See  Ref.  21  for  details). 

23.  Condon,  E.  U. ,  and  Hugh  Odishaw,  editors. 
Handbook  of  Physics.  McGraw-Hill  Book  Co., 

New  York,  1958,  sections  by  E.  U.  Condon. 

24.  Dean,  Mills  III,  and  Richard  Douglas, 
editors.  Conventional  and  Semiconductor 
Strain  Gages,  Academic  Press.  New  York,  1962, 
chapters  by  A.  Kurtz. 


107 


TEST  FACILITIES 

USBR  VI  BRAT i a\  TEST  SYSTEM 


R.  M.  McCaf ferty 
U.  S.  Bureau  of  Reclamation 
Denver,  Colorado 


This  paper  describes  the  electrohydraulic  vibration  test 
system  of  the  Bureau  of  Reclamation,  Denver,  Colorado.  The 
testing  facility,  testing  equipment,  control  equipment, 
instrumentation,  and  analysis  equipment  of  the  system  are 
discussed.  Testing  and  analysis  methods  used  on  the  present 
testing  program  are  also  covered. 


INTRODUCTION 

The  United  States  Bureau  of  Recla¬ 
mation  (USBR)  of  the  Department  of 
Interior  has  installed  a  vibration  test 
system  at  its  Engineering  and  Research 
Center,  Denver,  Colorado.  The  system, 
under  the  control  of  the  Division  of 
General  Research,  is  used  to  study  the 
effects  of  simulated  earthquakes  and 
other  dynamic  forces  on  test  specimens. 
Primarily,  it  has  been  used  for  deter¬ 
mining  the  structural  response  of  rein¬ 
forced  concrete  specimens.  Programs 
are  being  considered  for  other  dynamic 
problems  such  as  structure- founda' ion 
interaction,  hydrodynamic  effects, 
dynamic  material  properties,  and  response 
of  steel  structures. 

The  specific  equipment  discussed  in 
this  paper  was  purchased  to  perform  a 
certain  function  based  on  given  specifi¬ 
cations.  In  no  manner  may  this  paper  be 
considered  an  endorsement  of  the  equip¬ 
ment. 

TEST  FACILITY 

Vibration  equipment  consisting  of  a 
double-acting  ram,  power  supply,  and 
electronic  control  equipment  was  first 
ordered  in  February  1966.  About  four 
months  later,  it  was  received,  inspected, 
and  installed  in  a  temporary  location 
where  it  was  used  in  two  testing  proj¬ 
ects  1/,  2/.  It  was  realized  from  the 
beginning  that  an  efficient  and  versa¬ 
tile  testing  facility  would  require  a 
permanent  installation  and  periodic  addi¬ 
tion  and  updating  of  equipment.  Random 
testing  capability  was  acquired  when 
additional  control  and  analysis  equip¬ 
ment  were  delivered  in  July  19o7; 


however,  the  permanent  facility  was  not 
completed  until  January  1969.  Figure  1 
shows  a  plan  view  of  the  53-ft.  4-in. 
by  42- ft .  testing  facility.  An  over¬ 
head  S-ton  crane,  mounted  on  rails  near 
the  26-ft .  8-1/2-in.  high  ceiling,  is 
used  lor  moving  test  specimens  and 
equipment.  Horizontal  spe- Is  cf  either 
10  or  20  feet  per  minute  (fpm)  and  lift¬ 
ing  speeds  of  either  7  or  21  fpm  are 
available. 

A  major  feature  of  the  building  is 
the  250-ton  seismic  mass.  The  reinforced 
concrete  mass  is  28-ft.  by  17-ft.  by 

5- ft.  8-3/4-in.  with  a  S-ft.  by  S-ft.  by 
12-ft.  buttress  at  one  end.  The  entire 
mass  was  constructed  nonolithically  in 
one  day.  Surrounding  the  mass  is  a 

2- ft.  wide  trench  covered  with  steel 
grates.  The  grates  and  upper  surface  of 
the  mass  arc  at  floor  level  for  ease  in 
movement  of  test  specimens,  equipment, 
and  personnel.  Plan  and  section  views  of 
the  seismic  mass  are  shown  in  Figure  2. 

Eleven  ste*l  plates  are  post  ten¬ 
sioned  to  the  mass  to  provide  a  smooth 
and  level  surface  for  mounting  exciters 
and  test  specimens.  Ten  plates  are 
horizontal  and  one  «-ft.  by  4-ft.  6-in. 
by  8-in.  thick  plate  is  mounted  verti¬ 
cally  on  the  buttress.  The  horizontal 
plates  on  the  mass  consist  of  three 
7-ft.  by  6-ft.  by  4-in.  thick  plates 
along  each  long  side  and  three  4-ft. 

6- in.  by  4-ft.  by  8-in.  thick  plates  and 
one  7-ft.  6-in.  by  4-ft.  by  4-in.  thick 
plate  located  along  the  centerline.  All 
plates  were  positioned  with  preset 
1/2-in.  leveling  bolts  and  grouted  in 
place.  A  non- shrink  grout  was  mixed 
with  very  little  water  and  hand  tamped 
into  a  3/4-in.  space  under  the  plates. 
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All  plates  have  a  No.  125  finish  and  the 
horizontal  plates  are  within  0.02-in.  of 
a  level  plane.  The  buttress  plate  is 
perpendicular  to  the  horizontal  plane 
and  the  centerline  of  the  mass. 

The  4- in.  thick  plates  along  the 
long  sides  of  the  mass  are  each  post 
tensioned  with  nine  1-1/4-in.  diameter 
anchors  which  are  2- ft.  8- in.  long  and 
anchored  in  the  concrete  by  5-in.  by 
3-in.  by  1-1/4-in.  steel  plates. 

Anchors  for  the  plates  along  the  center¬ 
line  arc  2-in.  diameter  bolts  and  2-ft. 
S-in.  long  with  a  7-in.  by  7-in.  by 
2- in.  anchor  plate.  The  buttress  plate 
is  anchored  similarly  except  that  the 
2 -in.  anchors  go  through  the  buttress 
and  are  secured  with  a  plate  and  nut. 
each  bolt  was  post  tensioned  in  two 
stages  to  lt>  kips  for  the  1-1/4-in. 
anchors  and  25  kips  for  the  2- in. 
anchors.  The  nuts  are  recessed  and  the 
excess  anchor  ground  oft  below  the 
tinished  surface.  Provision  was  made 
for  future  addition  of  a  steel  plate  on 


each  side  of  the  buttress  plate  for 
special  testing  requirexents.  Since  no 
attempts  have  been  xade  to  reaove  the 
plates,  there  is  no  experience  on  the 
ease  of  removing  or  replacing  thea.  The 
quality  of  the  grouting  surface  below 
the  plates  is  unknown. 

The  seisaic  mass  is  isolated  froa 
its  21- in.  thick  reinforced  concrete 
foundation  by  an  air  operated  Barry  iso¬ 
lation  system.  The  system  has  25  aodel 
AL255-12  isolators  located  in  a  notch 
(sec  Fig.  2)  around  the  bottom  edge  of 
the  mass.  Twelve  isolators  are  located 
along  each  long  side  and  one  is  in  the 
center  under  the  buttress.  Three  maste.r 
isolators,  one  under  the  buttress  and 
one  at  each  corner  farthest  from  the 
buttress  have  height  sensing  devices. 
Lach  master  determines  the  air  pressure 
required  at  its  location  to  maintain  a 
3-point  level  seismic  mass.  The  remain¬ 
ing  isolators  are  divided  into  three 
groups  as  slaves  each  pressure  con¬ 
trolled  by  its  master  isolator.  By 
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Figure  3  •  Isolation  System 
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presetting  the  required  height,  the  iso¬ 
lators  maintain  a  given  plane  as  the 
external  load  varies.  Several  isolators 
and  the  covered  trench  around  the  mass 
are  shown  in  Figure  3. 

The  isolation  system  is  capable  of 
supporting  625,000  pounds  (lbs)  with  an 
air  pressure  of  100  pounds  per  square 
inch  (psi).  The  resonant  frequency  of 
each  isolator  is  1.4  Hertz  (llz)  and 
magnification  at  resonance  is  less  than 
1.5.  At  5  and  10  Hz,  the  system  trans¬ 
mits  to  the  foundation  35  and  7  percent 


respectively  of  the  applied  dynamic 
energy.  Above  35  llz,  the  transmissibil- 
ity  is  less  than  one  percent.  For  oper¬ 
ation  below  5  ilz  the  isolation  system 
is  generally  turned  off  and  the  seismic 
mass  rests  on  its  foundation. 

An  8-in.  by  14- in.  channel  (see 
Fig.  2)  for  hydraulic  lines  runs  just 
below  the  center  steel  plates  from  the 
buttress  to  rhe  far  end  of  the  mass.  An 
opening  at  the  cress  allows  access  to 
the  channel.  Two  pipes  enter  the 
channel  through  two  3-in.  diameter  holes 
under  the  buttress.  These  pipes  carry 
oil  to  and  from  the  rams.  Four  connec¬ 
tion  points  along  each  pipe  are  avail¬ 
able  to  connect  hoses  which  are  attached 
to  the  ram.  For  vertical  operation  of 
an  exciter  several  feet  from  the  channel 
opening,  additional  pipelines  can  be 
installed  or  one  of  the  center  plates 
may  be  removed  for  access  to  a  connec¬ 
tion  point. 

Three  additional  holes  connect  with 
the  channel.  One  3- in.  diameter  hole 
runs  from  the  channel  at  a  point  near 
the  buttress  toward  the  control  room. 

It  contains  control  and  instrumentation 
cables.  A  1-in.  diameter  hole  runs  from 
the  channel  in  the  opposite  direction 
of  the  3- in.  hole  and  contains  a  small 
hydraulic  drain  hose.  A  drain  hole  is 
also  provided  at  the  end  opposite  the 
buttress  to  prevent  any  accumulation  of 
liquids  in  the  channel. 

For  large  test  specimens  access  to 
the  air-conditioned  testing  area  is 
through  a  12- ft.  by  10- ft.  wide  leaf- 
type  door  (sec  Fig.  1).  If  one  enters 
from  the  adjoining  building  which  is  at 
a  higher  elevation,  steel  stairs  lead 
down  to  the  testing  area  or  up  to  an 
office  and  a  heating,  air-conditioning, 
and  air-compressor  equipment  room. 

Other  rooms  in  the  facility  include 
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an  instrumentation  room  for  preparing 
instruments  and  gages  and  for  storing 
supplier  and  tools.  A  soundproof  room 
contains  the  hydraulic  power  supply. 

This  roon  has  a  removable  ceiling  to  pro¬ 
vide  access  with  the  crane  for  equipment 
maintenance.  It  is  not  air-conditioned 
but  has  an  exhaust  fan  to  circulate  out¬ 
side  air.  The  control  roon  has  a  sepa¬ 
rate  air-conditioning  system  and  is  also 
soundproof.  To  provide  the  maximum 
cooling  of  the  equipment ,  air  enters  at 
the  floor  level  under  the  cabinets  and 
circulates  up  and  out  through  ceiling 
vents.  All  operating  controls  are 
located  in  this  room.  Instrumentation 
and  control  lines  enter  the  room  through 
a  trench  which  connects  to  the  trench 
around  the  mass.  Communication  is  pro¬ 
vided  between  the  control  room  and  the 
testing  area  by  an  intercom  system.  The 
test  facility  also  contains  an  area  in 
which  the  USBR  Soils  Engineering  Branch 
conducts  dynamic  tests  on  soils. 

TESTING  EQUIPMENT 

Two  hydraulic  rams  (or  exciters) 
designed  to  produce  dynamic  or  static 
forces  were  purchased  from  Bolt,  Beranek, 
and  Newman,  Inc.  The  rams  are  snown  in 
Figure  4  and  their  ratings  are  listed  in 
Table  1.  The  l-in.  stroke  ram,  which 
is  rated  at  SO  kips,  has  a  Team  model 
SV-200  servovalve  to  electronically  con¬ 
trol  the  flow  of  hydraulic  oil.  Hydro¬ 
static  bearings,  located  around  the  cir¬ 
cumference  at  each  end  of  the  S- 1/2 -in 
diameter  piston,  provide  the  capability 
to  carry  side  loads.  A  shear  force  up 
to  5.2  kips  or  a  41  inch-kip  moment  may 
be  safely  transmitted  to  the  ram.  The 
10-in.  stroke  ram,  rated  at  30  kips,  has 
a  Moog  model  72-103  servovalve  but  no 
hydrostatic  bearings.  A  clevis  or  other 
device  must  be  attached  to  the  3-in. 
diameter  piston  to  eliminate  side  loads. 

For  either  exciter,  a  hydraulic 


Figure  4  -  Hydraulic  Exciters 


power  supply  provides  oil  up  to  70  gal¬ 
lons  oer  minute  (gpm)  at  a  maximum  of 
3000  psi.  The  power  supply  with  a 
10-horsepower  (hp)  priming  pump  and  a 
125-hp  main  pump  is  shown  in  Figure  S. 

A  200-gallon  (gal)  reservoir,  water- 
cooled  heat  exchanger,  pressure  regu¬ 
lator,  and  accumulators  are  other 
features  of  the  power  supply.  Other 
piping,  two  accumulators,  and  a  pressure 
regulator  are  bolted  to  a  1/2-in.  steel 
plate  attached  to  the  reinforced  con¬ 
crete  block  wall.  Pipelines  to  the 
seismic  mass  are  located  in  a  trench 
under  the  reservoir  and  are  connected 


TABLE  1 


Performance  Characteristics  of  Hydraulic  Rams 


Ram  Number 

1 

2 

Vector  Force  -  lbs 

50,000 

30,000 

Stall  Force  -  lbs 

77,000 

37,S00 

Stroke  -  in. 

1 

.10 

Maximum  Velocity  -  ips 

18 

30 

Maximum  Frequency  -  Hz 

400 

100 
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Figure  S  -  Hydraulic  Power  Supply 


by  flexible  hoses  to  the  pipes  going 
through  the  holes  under  the  buttress. 
Supply  pipes  are  1-1/2-in.  diaaeter  and 
the  return  pipes  are  2-in.  diaaeter. 

Both  pipes  are  rigidly  attached  to  the 
floor  to  eliainate  vibrations  due  to 
ressure  pulses  and  hose  vibrations.  To 
eep  the  oil  as  clean  as  possible,  it  is 
filtered  by  30-aicron  filters  after  the 
priaing  puap  and  by  10-aicron  filters 
after  the  aain  puap.  Also,  a  aagnetic 
device  is  located  in  the  reservoir 
to  reaove  aetallic  particles  froa 
suspension. 

For  supporting  test  speciaens,  ten 
hydrostatic  bearing  slip  tables,  Tefia 
node Is  1830T-8  and  1830V-8,  provide  an 
alaost  frictionless  sliding  surface. 

Each  table  is  capable  of  supporting  10 
kips  in  tension  or  coapression  with  a 
spring  stiffness  of  8  x  106  pounds  per 
inch.  All  tables  have  a  1-1/8-in. 
Halting  displacement  and  can  carry  a 
1.7S  foot-kip  aoaent  in  the  vertical 
plane  of  aovenent.  Three  tables  (nodel 
1830V-8)  are  used  priaarily  to  liait 
lateral  displaceaent.  They  also  can 
resist  a  roll  aoaent  of  0.88  foot-kips. 
The  reaaining  tables  (aodel  1830T-8)  are 
intended  primarily  to  carry  vertical 
loads  and  can  resist  a  roll  moment  of 
1.66  foot-kips.  They  also  liait  lateral 
movement  to  tO.OS  in.  Hydrostatic  slip 
tables  with  10- in.  strokes  are  planned 
for  use  with  the  long-stroke  ram. 

A  hydraulic  power  supply  for  the 
slip  tables  provides  oil  at  0.6  gpm  and 
2S00  psi  to  float  the  moving  elements. 

A  suction  pump  returns  the  oil  to  a 
10-gal  reservoir.  The  power  supply  is 
located  in  the  trench  behind  the  but¬ 
tress  end  of  the  seismic  mass.  Pressure 
and  suction  hoses  extend  halfway  along 


both  sides  of  the  aass  and  te ruinate  at 
the  floor  level  with  quick  disconnect 
connections.  During  operation,  addi¬ 
tional  hoses  lead  froa  these  connections 
to  aani folds.  Other  short  hoses  are 
then  connected  to  the  slip  tables.  Oil 
will  not  be  returned  to  tne  reservoir 
unless  care  is  taken  to  keep  the  return 
lines  below  the  overflow  level  of  the 
slip  tables. 

CONTROL  EQUIPMENT 

Most  of  the  electronic  equipment  is 
located  in  the  air-conditioned  control 
rooa.  Figures  6  and  7  show  the  desk 
console,  one-  and  two-bay  instrumenta¬ 
tion  cabinets,  and  other  equipment  on 
the  shelves. 

For  general  sin-  wave  dynamic  test¬ 
ing  two  oscillator  systems  are  available. 
Both  aay  be  operated  either  individually 
or  simultaneously  to  drive  two  exciters 
in  a  closed- loop  configuration  to  main¬ 
tain  a  preset  acceleration,  velocity, 
or  displaceaent  level.  The  oscillator 


Figure  6  -  Control  Equipment 


Figure  7  -  Testing  Equipment 
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purchased  mi t; ally  was  a  Bruel  and 
Kjaer  nodel  1059.  It  produces  &  sinus¬ 
oidal  signal  from  S  to  5000  liz  or  from 
5095  to  10,000  Hz.  Logarithnic  sweep 
rates  at  132  different  speeds  range  from 
0.3  to  33S  degrees  per  nin  on  a  circular 
220-degree  scale.  The  regulation  speed 
of  the  compressor  nay  be  manually  set  at 
10,  30,  100,  300,  1000,  or  3000  db  per 
sec.  Also  the  oscillator  can  automati¬ 
cally  select  one  of  the  above  levels  at 
specific  crossover  frequencies.  Cross¬ 
over  from  control  of  displacement  to 
acceleration  or  of  velocity  to  accelera¬ 
tion  may  be  made  between  8  and  1000  Hz. 
Great  care  is  required  in  setting  the 
crossover  frequency  to  minimize  the 
jerk-effect  produced  at  the  exciter. 
Closed- loop  control  of  acceleration  froa 
an  accelerometer  signal  can  only  be  per¬ 
formed  above  20  Hz. 

An  Unholtz  Dickie  model  ATC-6  aver-, 
agsr  may  be  used  in  conjunction  with  the' 
above  oscillator.  It  has  the  same  regu¬ 
lation  speeds  and  can  select  cither  the 
largest  or  a  weighted  average  of  up  to 
six  accelerometer  signals  to  control  the 
exciter.  In  the  averaging  mode,  the 
unit  is  phase  insensitive. 

When  the  vibration  test  system  was 
expanded.  Spectral  Dynamics  oscillator 
control  units  models  SD104  and  SD105 
were  purchased.  Sinusoidal,  triangular, 
or  square  wave  forms  may  be  generated  in 
five  ranges  from  0.005  to  50,000  Hz. 
lither  logarithmic  or  linear  sweep  rates 
may  be  selected.  Continuously  variable 
rates  are  available  from  0  to  720  degrees 
per  min  for  the  logarithmic  sweep  and 
0  to  1000  Hz  per  sec  for  the  linear 
sweep.  The  regulation  speed  in  the  man¬ 
ual  mode  is  continuously  variable  from 
10  to  3000  db  per  sec.  In  the  automatic 
mode,  the  regulation  speed  varies  as  a 
function  of  frequency  from  a  lower  limit 
of  10  db  per  sec  to  a  manually  set  upper 
limit  of  300  to  4000  db  per  sec.  Auto¬ 
matic  thump-free  crossover  is  possible 
from  displacement  to  acceleration  up  to 
200  Hz  or  from  velocity  to  acceleration 
up  to  10C0  Hz.  The  unit  continuously 
monitors  both  control  values  and  the 
crossover  occurs  when  the  acceleration 
reaches  a  preset  level.  DC  signals  pro¬ 
portional  to  frequency  are  available  for 
plotting  on  X-Y  recorders.  Llectronic 
filters,  which  are  described  under 
ANALYSIS  METHODS,  may  be  included  in  the 
closed-loop  to  clean  up  noisy  signals. 

An  unstable  control  condition  may  occur 
if  the  regulation  speed  is  set  greater 
than  eight  times  the  filter  bandwidth  or 
if  the  filter  is  operated  at  a  frequency 
less  than  one  half  of  its  bandwidth. 

Two  random  noise  generators  may 
either  individually  drive  the  system  or 


provide  signals  to  a  Ling  model  ESD-13 
equalizer.  The  equalizer  has  13  filters 
with  bandwidth!  from  10  to  SO  Hz  over 
the  frequency  range  of  10  to  4 SO  Hz. 

The  random  noise  signals  may  be  shaped 
by  adjusting  slide  wire  controls  of  the 
various  filters.  A  14-channel  FM  mag¬ 
netic  tape  recorder  is  available  to  pro¬ 
vide  a  control  signal.  One  channel  is 
wired  so  that  while  its  output  is  driv¬ 
ing  the  system  the  remaining  channels 
can  be  used  to  record  data.  Special 
tapes  have  been  obtained  with  four 
recorded  earthquakes  at  different  time 
scales.  Both  acceleration  and  displace¬ 
ment  records  are  available. 

A  curve  follower.  Data  Trak  model 
FGE-5110 ,  was  purchased  to  generate 
arbitrary  shape  signals  but  at  this  time 
ha*  not  been  used.  The  desired  wave 
idem  is  drawn  on  special  8-in,  wide 
papers  The  paper  may  be  several  feet 
long  for  one  test  or  only  the  circum¬ 
ference  of  the  drum  for  a  repetitive 
fatigue  test.  A  set  of  gears  can  vary 
the  chart  speed  in  13  steps  from  2-1/2 
to  40  in.  per  min.  The  curve  follower 
has  a  maximum  following  rate  of  7  in. 
per  sec  (ips)  and  has  a  full  scale  out¬ 
put  of  2.5  volts.  The  signal  may  either 
drive  the  system  or  be  recorded  on  the 
tape  recorder.  If  recorded,  the  time 
scale  may  be  altered  by  playing  the  tape 
at  a  speed  different  than  the  recording 
speed. 

Several  protection  devices  are 
included  to  automatically  shut  down  the 
system  whenever  certain  functions  are  in 
error.  The  main  and  priming  pumps  are 
shut  down  if  there  is  a  loss  of  pressure, 
loss  of  hydraulic  fluid,  or  the  pressure 
of  the  slip  table  power  supply  drops 
below  2250  psi.  An  electronic  protec¬ 
tion  unit,  Spectral  Dynamics  model  SD123, 
protects  a  test  specimen  from  over  or 
under  testing.  It  senses  the  RMS  value 
of  an  accelerometer  signal.  If  the  sig¬ 
nal  is  greater  than  or  less  than  c  pre¬ 
determined  value,  the  driving  signal  is 
automatically  and  smoothly  attenuated  by 
SO  db.  The  preset  over  or  under  amount 
can  vary  in  nine  fixed  steps  from  1.0  to 
6.0  db  from  the  preset  RMS  acceleration 
value. 

INSTRUMENTATION 

A  wide  variety  of  instruments  is 
available  to  measure  the  response  of 
test  specimens.  Presently  accelerations 
can  be  measured  with  any  of  the  follow¬ 
ing  USBR  accelerometers:  (1)  Nine 
Columbia  model  302-6,  (2)  Six  Bruel  and 
Kjaer  type  4332,  (3)  Two  Endevco  model 
2260-250-10  and  (4)  One  Kistler  model 
8QSK.  The  Columbia  and  Bruel  and  Kjaer 
accelerometers  are  used  for  general 
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testing.  The  Endevco  eeceleroaeters  are 
a  strain-gage  type  and  have  presently 
not  been  used.  The  Kistler  acceleroa- 
eter  is  used  as  a  calibration  standard 
and  has  the  capability  to  be  directly 
nounted  to  another  accele rose ter.  Ampli¬ 
fiers  for  the  accele rone ters  consist  of 
six  Unholtz  Dickie  aodel  9P-1  voltage 
amplifiers  and  six  Columbia  model  9000 
charge  amplifiers.  Two  portable  ampli¬ 
fiers,  Coltacbia  model  9001  and  Kistler 
model  504A,  are  available.  Accelerom¬ 
eters  are  normally  attached  to  the  test 
specimens  with  Endevco  aodel  2983B  insu¬ 
lated  mounting  studs,  magnets,  or  a 
high  quality  cement. 

Dynamic  displacements  are  measured 
by  a  group  of  linear  variable  differen¬ 
tial  transformers  (LVDT)  and  calibration 
and  static  movements  are  measured  with 
either  an  LVDT  or  dial  gage.  LVDT's 
with  a  range  from  0.1  to  1.0  in.  are 
immediately  available  a^d  units  with 
longer  stroke  capabilities  are  obtain¬ 
able.  Relative  rotation  of  two  points 
(up  to  t20  degrees)  may  be  measured  with 
three  Clevite  Brush  model  3306  trans¬ 
ducers.  A  universal  50-kip  load  cell 
can  be  installed  between  the  exciter  and 
test  specimen.  Its  output,  which  is 
proportional  to  load,  nay  be  used  in  a 
closed-loop  to  control  the  exciter. 

Other  transducers  are  capable  of  measur¬ 
ing  load,  pressure,  and  strain. 

For  accelerometer  calibration  two 
methods  are  available.  For  a  complete 
calibration  over  the  usable  frequency 
range,  an  electrodynamic  exciter,  MB 
Electronics  aodel  PM50,  driven  by  a 
aodel  22SO-MB  power  amplifier  is  avail¬ 
able.  This  exciter  has  a  force  rating 
of  50  lbs  and  nay  also  be  used  to  test 
small  specimens  or  for  demonstrations. 
Values  of  peak-g  versus  frequency  are 
plotted  on  X-Y  or  X-Y-Y  recorders.  For 
a  quick  calibration  check,  a  General 
Radio  aodel  1S57-A  calibrator,  which 
operates  at  only  100  Hz  and  up  to  2-g's 
is  used.  Output  from  the  accelerometer 
and  amplifier  under  calibration  is  dis¬ 
played  on  a  Ballentine  model  321  true 
RMS  voltmeter  in  a  peak  mode  to  provide 
a  calibration  of  X  volts -peak  per  g-peak. 
All  accelerometers  are  g.ven  a  complete 
calibration  every  year  or  whenever  indi¬ 
cated  necessary.  Before  testing  a  new 
specimen,  accelerometers  to  be  used  arc 
given  a  quick  calibration  check. 

ANALYSIS  METHODS 

Most  of  the  data  are  presently  ana¬ 
lyzed  electronically;  however,  in  the 
future  more  complicated  methods  involv¬ 
ing  the  digital  computer  will  be 
required.  The  accelerometer  and  other 
data  are  generally  recorded  on  the 


14-channel  FM  tape  recorder.  Depending 
upon  the  duration  and  frequency  of  the 
data  to  be  recorded,  tape  speeds  aft 
selected  as  either  60,  30,  IS,  7-1/2, 
3-3/4,  or  1-7/B  ips.  A  voice  channel 
c an  be  used  to  record  pertinent  infor¬ 
mation  for  ease  in  identifying  data  on 
the  tape.  Several  strip  chart  recorders 
and  a  direct  writing  oscillograph,  both 
utilizing  galvanoaeters ,  are  available 
for  recording  high  frequency  signals. 

During  sinusoidal  testing,  results 
of  one  or  two  accelerometers  are  gener¬ 
ally  displayed  on  X-Y  recorders  as  a 
peak-g  versus  frequency  curve.  This 
curve  is  obtained  by  electronically  fil¬ 
tering  the  acceleration  signal  with 
Spectral  Dynamics  model  SD1012  and  SD28 
filtering  equipaent.  Filter  bandwidths 
of  1-1/2,  10,  and  100  Hz  can  be  used 
with  the  above  two-channel  system.  The 
filters  operate  as  peak  filters  with  a 
center  frequency  corresponding  to  the 
systems  operating  frequency.  Data 
recorded  on  the  tape  recorder  can  later 
be  analyzed  in  the  same  manner. 

Electronic  integrators  are  capable 
of  integrating  an  acceleration  sinus¬ 
oidal  signal  to  obtain  the  velocity  and 
displacement.  Instantaneous  peak  values 
of  each  quantity  are  displayed  on  separ¬ 
ate  meters  and  the  velocity  and  displace¬ 
ment  wave  forms  are  also  available..  Six 
additional  meters  display  peak  accelera¬ 
tion  values  from  preselected  accelerom¬ 
eters  . 

Some  analog  to  digital  (A-D)  capa¬ 
bility  presently  exists.  DC  voltage 
readings  of  160  per  minute  for  a  four- 
channel  continuous  scan  to  95  per  minute 
for  a  single  channel  scan  can  be 
obtained  and  punched  on  paper  tape. 

The  information  on  the  paper  tape  can 
then  be  transferred  to  a  magnetic  tape 
for  use  on  a  computer.  A  high-speed  A-D 
system  is  being  considered  to  directly 
generate  a  digital  magnetic  tape. 

Additional  electronic  equipment  for 
data  analysis  and  general  usage  is 
located  in  the  control  room.  Two  loga¬ 
rithmic  converters  arc  available  and 
used  when  there  is  a  large  range  of 
values  and  more  accuracy  of  lower  values 
is  required.  A  phase  meter  is  available 
for  determining  the  phase  angle  between 
two  signals.  Also  resonant  frequencies 
may  be  found  by  observing  when  the  phase 
angle  between  the  driving  and  response 
signal  is  90  degrees.  Additional  equip¬ 
ment  consists  ol  oscilloscopes’,  a  digi¬ 
tal  multimeter,  and  a  frequency  .ounter. 

TESTING  TECHNIQUES 

The  vibration  test  system  is 
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Figure  8  -  Tests  of  Beam-Column  Connection 


presently  being  used  to  conduct  dynamic 
tests  of  reinforced  concrete  beam-column 
connections.  The  project  is  designed  to 
evaluate  the  amount  of  hoop  reinforcing 
steel  required  in  the  joint  region  under 
dynamic  loads.  The  testing  arrangement 
for  the  specimen  in  relation  to  the 
exciter  and  other  equipment  is  shown  in 
Figure  8.  A  test  fixture  (the  steel 
tubes  and  plates  around  the  concrete 
specimen)  was  constructed  instead  of  a 
large  one  piece  diking  table.  Shaking 
tables  arc  being  used  and  constructed  in 
several  other  vibration  facilities.  It 
is  difficult  to  design  a  shaking  table 
which  would  be  versatile  enough  for  all 
projects.  Therefore,  the  USBK  con¬ 
structs  a  special  fixture  for  each  test¬ 
ing  program  to  keep  total  weight  to  a 
minimum.  This  procedure  allows  larger 
specimens  to  be  tested  and  higher  accel¬ 
eration  levels  to  be  attained. 

The  present  test  fixture  may  be 
considered  a  form  of  shaking  table  since 
it  moves  on  top  of  eight  slip  tables. 

At  the  ends  of  the  specimen,  the  center 
slip  table  restricts  lateral  movement. 

A  2- in.  high-strength  steel  rod  tapered 
down  at  one  point  to  1-in.  diameter 
serves  as  a  fuse  or  moment  limiting 
element  at  the  exciter  (sec  :-ig.  4). 

The  slip  tables  carry  the  shear  load  and 
the  fuse  is  designed  to  fail  at  the 
limiting  moment  capacity  of  the  exciter. 


The  horizontal  portion  of  the  con¬ 
crete  specimen  represents  a  column  while 
the  remainder  represents  beam  of  a 
reinforced  concrete  frame  building.  To 
simulate  dead  load  and  support  condi¬ 
tions  of  the  prototype  structure,  an 
axial  load  is  applied  to  the  column  by 
a  hydraulic  ran  and  four  high-strength 
rods.  Each  end  of  the  column  is  simply 
supported  on  three  sets  of  steel  balls 
and  the  center  is  simply  supported  on 
two  slip  tables. 

Tests  on  each  specimen  begin  with  a 
static  load  applied  at  the  beam  end  to 
determine  a  stiffness  value  from  meas¬ 
ured  loads  and  displacements.  Linear 
sweep  tests  simulating  steady-state 
sinusoidal  input  arc  then  conducted  to 
determine  the  natural  frequency  and 
damping  value.  The  natural  frequency 
of  the  test  specimen  is  varied  by  apply¬ 
ing  different  amounts  of  mass  to  the 
free  end  of  the  beam.  Normally,  several 
linear  sweep  tests  arc  conducted  for 
each  mass  condition  while  the  mass  is 
varied  in  six  steps  from  0  to  1100  lbs. 
The  mass  consists  of  a  series  of  steel 
plates  holtcd  together  to  attain  a  maxi¬ 
mum  height  of  18- in.  The  uncracked 
natural  frequency  is  reduced  from  about 
44  llz  with  zero  mass  to  about  22  llz  with 
the  1100  lb  mass.  During  this  series  of 
tests,  care  is  taken  to  maintain  the 
excitation  intensity  below  the  value 
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required  to  produce  creeks. 

As  earthquake  such  as  £1  Centro  NS 
(1940)  is  th^n  selected  with  a  tine 
scale  such  that  the  natural  frequency  of 
the  specimen  is  within  the  predoninaat 
frequencies  of  the  earthquake  spectruu. 
the  tape  recorded  earthquake  is  then 
used  to  excite  the  specimen  at  a  level 
to  produce  soue  cracking.  The  static 
and  dynamic  sweep  tests  are  then 
repeated  to  determine  the  anount  of 
daaage  that  has  occurred.  Next ,  the 
earthquake  is  prograned  at  a  greater 
magnitude  to  produce  a  high  level  of 
danage  or  possibly  failure  of  the  sped* 
Men .  Static  and  dynamic  sweep  tests  arc 
again  performed  to  determine  the  addi- 
-  tional  damage.  If  failure  has  no*, 
occurred,  sinusoidal  tests  of  a  given 
duration,  magnitude,  and  frequency  range 
are  conducted.  These  tests  are  designed 
to  provide  excitation  that  is  always 
near  the  resonant  frequency  of  the  speci¬ 
men.  To  accomplish  this,  the  frequency 
of  the  exciting  force  is  slowly  swept 
downward  from  the  last  Measured  resonant 
frequency  to  a  predetermined  value. 

This  change  in  frequency  is  included  to 
simulate  the  reduction  in  resonant  fre¬ 
quency  that  results  as  additional  cracks 
arc  developed  in  the  concrete. 

In  the  past  tests  after  major  crack¬ 
ing  has  occurred,  the  natural  frequency 
with  the  maximum  nass  has  reduced  to 
about  10  Hz.  Measured  damping  values 
have  varied  frou  a  very  small  amount  up 
to  about  4  percent  of  critical  with 
major  cracks  in  the  concrete. 

Sweep  test  data  are  analyzed  by 
plotting  and  digitizing  the  pcak-g 
versus  frequency  curve.  Digital  com¬ 
puter  programs  are  used  to  obtain  damp¬ 
ing  values  from  the  digitized  curve  and 
to  obtain  natural  frequencies  of  an  ana¬ 
lytical  model.  In  the  future  earthquake 
input  will  be  digitized  and  used  to  ana¬ 
lytically  predict  the  single  degree  of 
freedom  response  of  the  specimen  for 
comparison  with  the  measured  response. 

All  of  the  results  are  used  to  determine 
how  specimens,  with  various  amounts  of 
hoop  reinforcing  steel,  withstand  identi¬ 
cal  dynamic  loads. 

Presently  the  capability  to  which  the 
test  system  can  duplicate  an  earthquake 


type  input  has  not  been  fully  studied. 
Visually  it  appears  that  the  record**) 
acceleration  wave  form  for  the  £1  Centro 
earthquake  conpresseo  by  a  factor  of  5 
agrees  quite  well  with  the  acceleration 
input.  The  records  have  not  been  digi¬ 
tized  for  input  to  a  computer  for  compu¬ 
tation  of  the  simulated  earthquake 
spectrum. 

CONCLUSIONS 

The  USER  vibration  test  system 
after  several  years  of  development  and 
progress,  is  now  operational  in  a  new 
test  facility.  It  is  capable  of  testing 
a  wide  variety  of  specimens  from  very 
small  to  quite  large  masses.  The  upper 
specimen  size  limit  is  restricted  only 
by  available  space  or  the  exciter  rating. 
There  are  some  functions  that  cannot  be 
performed  but  most  are  possible  with  the 
addition  of  equipment  presently  being 
manufactured.  The  greatest  deficiency 
of  our  equipment  is  the  difficulty 
encountered  at  frequencies  less  than 
5  Hz  in  some  instances  and  10  Hz  for 
other  pieces  of  equipment.  The  high 
frequency  range  capability  of  the  con¬ 
trol  equipment  is  generally  not  used  in 
our  structural  testing. 

The  vibration  test  system  was  assem¬ 
bled  essentially  from  components  pres¬ 
ently  used  by  the  aerospace  industry. 

The  system  is  capable  of  performing  most 
civil  engineering  tests  where  the 
dynamic  response  of  structural  elements 
or  models  arc  to  be  studied.  Future 
projects  may  include  the  hydrodynamic 
effects  on  submerged  structures,  struc¬ 
ture-foundation  interaction,  or  the 
effects  of  nonstructural  elements  in 
frame  structures. 
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DISCUSSION 


Mr.  Isada  (University  ot  Buffalo) :  In  how  many 
directions  or  how  many  degrees  of  freedom  can  you 
test  this  specimen? 

Mr.  McCafferty:  We  are  presently  limited  to 
one  degree  of  freedom  or  one  direction.  We  nor¬ 


mally  use  slip  tables  that  are  limited  to  one  direc¬ 
tion.  We  have  two  shakers  and  all  of  the  control 
equipment  necessary  to  operate  them  simultaneously, 
but  we  do  not  plan  to  do  this  in  the  near  future.  It 
is  possible  to  excite  in  two  directions,  but  there 
are  many  other  problems  involved. 
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MULTI-DEGREE  OF  FREEDOM  MOTION  EMULATOR 
SYSTEMS  FOR  TRANSPORTATION  ENVIRONMENTS 


T.  K.  DeClue,  R .  A.  Aiore  and  C.  E.  Deckord 
Wyle  Laboratories 
Huntsville,  Alabama 


This  paper  presents  a  discussion  on  multi-degree  of  freedom  motion  simulation  systems 
used  to  simulate  ground  transportation  and  aircraft  environments.  The  paper  describes 
the  approach  used  at  Wyle  Laboratories  to  design  vibration  test  environments  from 
which  meaningful  test  results  can  be  obtained.  A  description  of  four  types  of  systems, 
two  presently  in  operation  and  two  under  study,  is  presented. 


INTRODUCTION 

Tests  of  items  of  equipment  are  conducted  i  the 
laboratory  for  one,  or  more,  of  several  reasons: 

•  Control  of  conditions 

•  Control  of  test  scheduling 

e  Simplification  of  analysis 

e  Repeatability 

e  Economy 

e  Safety 

The  value  of  the  laboratory  test  is  directly  related  to 
the  fidelity  with  whfah  the  service  environment  can  be 
reproduced  during  test;  if  the  reproduction  is  faithful, 
then  the  test  item  responses  are  duplications  of  those 
experienced  in  service  and  test  results  can  be  directly 
equated  to  actual  performance. 

If,  however,  the  laboratory  environment  differs 
from  that  found  in  service,  the  test  results  are  only 
indications  of  what  might  happen. 

This  paper  describes  the  approach  used  at  Wyle 
Laboratories  to  design  vibration  test  environments  from 
which  meaningful  test  results  can  be  obtained.  The 
design  is  an  iterative  process  and,  like  most  engineer¬ 
ing  efforts,  frequently  requires  re-evaluation  and  com¬ 
promise.  The  philosophy  of  design  is  as  important  as 
the  actual  design,  and  will  be  explained  first. 

DESIGN  PHILOSOPHY 

The  Wyle  Laboratories  approach  to  the  design  of 
a  dynamic  test  starts  with  an  evaluation  of  the  impor¬ 


tant  aspects  of  the  service  environment;  i.e.,  the  ori¬ 
gins,  transmission  paths  and  coupling  modes  of  the 
forces  acting  on  the  specimen  during  service. 

The  goal  is  to  reproduce  the  service  environment 
in  all  important  respects.  When  it  is  not  possible  to 
reproduce  certain  aspects  of  the  environment,  for  ex¬ 
ample,  the  long-term  inertial  forces  acting  on  major 
components  of  on  item,  the  effects  of  thor  p2't  of  the 
environment  are  simulated  by  same  acceptable  method. 
When  portions  of  the  environment  are  simulated,  the 
mechanism  of  simulation  may  introduce  artifacts,  or 
deviations  from  precise  realism  of  the  test  item  response. 
The  importance  of  any  test  artifact  must  be  considered 
both  during  the  test  design  and  test  data  evaluation  to 
weigh  the  validity  of  the  test  results. 

The  object  is  to  assess  the  magnitudes  and  frequency 
spectra  of  the  forces  and  couple  them  to  the  specimen 
through  impedances  similar  to  those  of  the  support  used 
in  service.  If  possible,  the  actual  suppor-  hardware 
will  be  used  in  order  to  provide  a  duplication  of  the 
service  boundory  conditions.  The  mere  complex  the 
test  item  and  its  support  hardware  are,  the  greater  is 
the  need  for  accurate  boundary  reproduction  and  the 
more  difficult  it  is  to  provide  simulation  of  the  bound¬ 
ary  through  manipulation  of  the  inputs. 

The  first  step  in  the  design  of  he  tes-  is,  then,  to 
determine  how  large  o  section  of  the  enti  e  system,  of 
which  the  specimen  is  a  part,  can  be  accommodc'nd 
within  the  laboiatory  space  and  exciter  force  limits 
and  subjected  to  the  boundary  dynamic  environment. 

The  second  step  Is  to  determine  how  many  degrees 
of  freedom  of  motion  are  to  be  ol lowed  and  excited  in 
the  specimen.  Again,  we  go  back  tc  the  evaluation  of 
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tii*  iervi:e  environment  for  our  ormm.  Wo  should, 
of  course.  .-How  and  excite  motion  In  all  degrees  of 
eedcm  atoihUt  to  tho  specimen  in  sotvlco.  Become 
of  equipmr  >t  and  mechanical  limitations,  it  is  often 
not  possible  to  achieve  this  god  and  compromises  must 
be  made. 

As  each  compromise  U  identified,  the  effects  of 
the  Ci«<pronti$n  upon  Hie  test  realism  must  be  evaluated 
as  well  as  the  possibility  of  achieving  the  same  result 
by  some  other  means.  If  we  cannot  accurately  deter¬ 
mine  that  the  lack  of  realism  will  not  reduce  tiie  value 
of  the  test,  we  must  reproduce  the  effects  and  accept 
the  artifacts. 

Several  designs  are  disci -wed  in  the  balance  of 
this  paper;  although  quite  different  in  size  and  con¬ 
struction,  they  are  alike  in  that  they  allow  far  a  high 
degree  of  reproduction  of  the  dynamic  service  environ¬ 
ment  and  introduce  very  few  artifnets.  Fidelity  of 
reproduction  is  maintained  by  accommodating  the  en¬ 
tire  test  irem,  be  it  a  five  pound  radio  or  a  fifty  ton 
lank,  and  providing  realistic  inputs  in  several  degrees 
of  freedom. 

Where,  through  analysis  or  instrumentation  o?  the 
actual  environment,  it  was  found  that  motion  does  not 
occur  in  or  about  one,  or  more,  of  the  axes,  thoie 
degrees  of  freedom  are  restrained.  Typical  of  this  is 
(he  yaw  axis  restraint  imposed  on  the  railcar  simulator 
and  roll,  pitch  and  yaw  restraint  in  the  helicopter 
simulator. 

The  restraints  imposed  at  the  fore  and  aft  motion 
of  the  test  items  in  the  designs  of  the  tank  road  test 
simulator  and  the  wheel/rail  dynamics  simulator  do  not, 
os  they  might  first  appear,  impose  restrictions  on  the 
dynamic  environment.  They  are,  in  fact,  necessary 
to  maintain  fidelity  by  providing  a  reference  point  for 
the  inertial  image  and,  thereby,  ensure  that  the  dynam¬ 
ic  forces  and  reactions  are  properly  transferred  across 
the  profile/vehicle  interface. 

In  all  cases,  the  approximate  gross  mechanical 
properties  of  the  external  environment  to  which  the 
test  item  is  exposed  in  service  are  maintained  in  (he 
simulator  restraints  and  force  coupling  arrangements. 
This  has  been  done  either  by  selection  of  mechanical 
components  with  the  proper  spi  ng/mass  characteristics, 
or  by  electronically  modifying  the  input  signols  to  the 
Simulator,  or  by  both  methods  simultaneously. 

FIVE  DEGREES  OF  FREEDOM  RAILCAR  SIMULATOR 
Introduction 

A  five  degrees  of  freedom  railcar  simulatcr  has 
been  constructed  and  placed  in  operation  at  Wyle 
Laboratories,  Huntsville.  This  simulator  will  accept 


entire  vehicles  and  structures  such  m  equipment 
shelters  and  transportation  containers.  The  first 
lest  profyom  using  this  system  entailed  simulation 
of  the  railcar  shipping  dynamics  on  automobiles 
to  develop  solutions  to  railcar  shipping  damage 
problems. 

Roi Iroori  Automotive  Transporter  Environment 

Two  railroad  auta  transport  can  consisting  of  one 
"law  tri-pak"  and  one  "standard  tri-pak"  were  instru¬ 
mented  to  determine  vibration  characteristics  ever  the 
railroad  bed  between  the  Midwest,  and  las  Angeles, 
California.  The  primary  purpose  of  the  trip  was  to 
obtain  data  of  the  vibration  induced  into  the  automobile 
at  the  tires,  in  each  of  three  mutually  perpendicular 
axes  during  traaeportatian.  Accelerometers  were  attached 
on  the  platform  at  two  automobile  positions  an  each  of 
the  two  railroad  can  and  interconnecting  cables  installed 
to  the  instrumentation  system  located  in  the  caboose. 
Figure  1  shows  the  installation.  Vertical  acceleration 
measurements  were  made  at  each  of  the  four  automobile 
tire  locations,  and  longitudinal  and  lateral  acceleration 
measurements  made  at  the  center  of  the  automobile. 

The  accelerometer  data  were  recorded  on  magnetic  tape 
during  the  forty-eight  hour  trip. 

Upon  return  of  the  test  tapes  to  the  Wyle/Huntsville 
Facility,  the  tapes  were  played  back  on  an  oscillograph 
and  the  traces  examined  for  significant  amplitude  indi¬ 
cations.  Several  of  the  high  amplitude  areas  were  then 
selected  for  computer  analysis.  Figure  2  presents  a 
typical  PSD  plot. 

Based  upon  ths  data  analysis,  a  set  of  accelerom¬ 
eter  outputs  (six  channels)  were  selected  to  be  re¬ 
recorded  on  a  second  tape  which  was  used  as  the  test 
control  tope.  The  control  tape  wos  produced  by  select¬ 
ing  portions  (approximately  one  and  one-half  hours 
total)  of  the  trip  and  recording  them  three  times  on  one 
reel .  The  four  and  one-half  hour  test  control  tape  could 
then  be  played  into  the  simulator  six  times  which  was 
equivalent  to  o  27-hour  trip  covering  1700  miles. 

Simulator  Design  ond  Fabrication 

The  railcar  simulator  consists  of  the  following: 

e  A  platform  constructed  from  a  section  of  a 
tri-pok  railcar  using  minimum  stiffening  and 
restraint  so  that  the  test  platform  would  ex¬ 
hibit  similar  high  frequency  local  responses 
to  those  of  the  actual  railcar  platform. 

e  Six  hydraulic  actuators  with  associated  servo 
valves,  displacement  feedback  transducers, 
hydraulic  power  supply,  and  control  elec¬ 
tronics.  Four  actuators  were  positioned  in 
the  vertical  axis  and  two  actuators  were 
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Figure  1.  Typical  ins'allation  of  two  railcars 


Figure  2.  Typical  PSD  plot  of  accel¬ 
eration  data  (lateral  measurement} 


horizontally  ori  mted  to  impart  motion  through 
the  c.g.  of  the  platform  in  the  lateral  and 
longitudinal  directions.  Figures  3  and  4  show 
the  simulator  setup. 

#  Fixturing,  air  springs,  spherical  bearings, 
and  a  parallel  cable  assembly. 

a  Automobile  tie-down  deyices  to  establish  tire 
proper  relationship  of  the  chain  tie-down 
from  the  vehicle  underbody  to  the  tie-dcwn 
track  on  the  railcar  deck. 

The  vertical  and  longitudinal  actuator  displace¬ 
ment  capacity  required  was  4.0  inches  and  the  lateral 
actuator  displacement  capacity  8.0  inches.  The  actu¬ 
ator  force  requirements  were  13,600  pounds  for  the 
lateral  and  longitudinal  actuators  and  27,400  pounds 
for  the  vertical  actuators.  Frequency  response  was 
0.5  to  25  Hz.  The  structural  beams  used  to  react  the 
actuator  loads  were  pre-loaded  into  existing  reaction 
masses  and  designed  to  be  resonance  free  in  the  0.5  to 
25  Hz  frequency  range. 

Spherical  beamings  were  located  at  each  end  of 
each  actuator  to  provide  unrestrained  dynamic  inputs. 

A  parallel  cable  assembly  (concept  similar  to  that  used 
on  drafting  boards)  was  installed  to  provide  straight 
line  lateral  and  longitudinal  movement.  This  prevented 
yawing  of  the  simulator  during  test.  An  air  spring 
system  was  used  to  support  the  static  load.  Each  air 
spring  was  connected  to  a  reservoir  for  the  purpose  of 
lowering  the  air  spring  system  resonance  to  less  than 
0.5  Hz. 

Thus,  the  system  was  capable  of  providing  motion 
in  the  three  orthogonal  directions  as  well  at  pitch  and 
roll  rotational  directions. 


Test  Operation 

Motion  control  was  accomplished  by  reproduction 
of  the  dynamic  displacements  of  the  railcar.  The  re¬ 
cordings  of  the  accelerometer  signals  obtained  during 
rail  transport  on  magnetic  tape  were  played  back  to  the 
system  through  double  integration  electronics,  thereby 
transforming  the  acceleration  signals  to  displacement 
signals.  The  signals  were  then  sent  through  closed  loop 
servo  control  electronics  Ic  the  six  actuators  which  pro¬ 
vided  lateral  and  longitudinal  motion  plus  vertical 
motion  at  the  four  corners  of  the  test  platform.  The 
actua  ?  responded  to  the  displacement  signals,  repro¬ 
duce  ■  the  motion  at  the  actuator  input  points  corre¬ 
sponding  to  the  data  transducer  locations  on  the  railcar 
platform.  Thus,  the  actual  railcar  displacements,  as 
recorded  from  the  field  data,  were  duplicated  in  real 
time  on  the  motion  simulator  and  the  equivalent  of  a 
Midwest  to  West  Coast  railway  shipment  was  simulated 
within  a  period  of  approximately  27  hours. 

THREE  DEGREES  OF  FREEDOM  VIBRATION  TEST 
SYSTEM 

Introduction 

A  three  axis  vibration  test  system  has  been  devel¬ 
oped  and  placed  in  operation  by  Wyle  to  simulate 
helicopter  flight  environments.  The  system  originated 
from  a  requirement  uy  the  United  States  Army  Aviation 
Test  Board,  Fort  Rucker,  Alabama  to  create  a  vibration 
environment  in  the  laboratory  that  is  representative  of 
the  vibration  environment  encountered  by  the  AN,  ARC 
1 15  radio  set  when  installed  in  on  OH-58  helicopter. 

Flight  Data  Acquisition 

The  OH-58  helicopter  radio  set  (AN  ARC  1 15) 
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Figure  3.  Railcar  simulator  (top  view) 


Figure  4.  Railcar  simulator  (bottom  view) 


was  instrumented  with  seven  piezoelectric  accelerom¬ 
eters  and  two  thermocouples  to  monitor  the  in-flight 
vibration  and  temperature  environment.  Four  accel¬ 
erometers  were  attached  to  the  instrument  panel  adja¬ 
cent  to  the  radio  to  monitor  the  vibration  input  to  the 
radio.  Three  accelerometers  were  attached  to  the 
rear  of  the  radio  case  to  monitor  actual  radio  response. 
The  sensitive  axes  of  the  accelerometers  were  oriented 
parallel  to  the  longitudinal,  lateral  and  vertical  axes 
of  the  radio  face  plate.  Figure  5  shows  the  accelerom¬ 
eter  locations  and  orientations.  One  thermocouple 
was  located  cppraximately  one  inch  behind  the  radio 
case  to  measure  free  air  cabin  temperature .  One 
thermocouple  was  attached  to  the  rear  of  the  radio 
case  to  measure  operating  temperature. 

A  14-channel  tape  recorder  was  used  on  board 
the  aircraft  to  record  ail  accelerometer  output  data. 
During  .'he  flight  tests,  one  channel  was  reserved  for 
voice  commentary  concerning  general  test  conditions 
and  event  time.  A  1  kHz  reference  signal  was  re¬ 
corded  on  a  second  channel  to  provide  a  real  time 
base  for  data  analysis  and  a  check  on  recorder  tape 
speed. 

A  I  kHz  acoustic  calibrator  was  used  to  produce 
a  constant  amplitude  audible  tone  for  periodic  trans¬ 
mitter  modularion  checks  during  flight  testing, 

Two  complete  flight  profiles  were  performed  at 
Fort  Rucker,  Alabama.  The  following  profiles  were 
representative  of  actual  conditions  which  were  being 
encountered  during  flight  testing  on  the  OH-58  heli¬ 
copter  at  Fort  Rucker. 


-  Seven-minute  flight  at  maximum  velocity 
attainable,  not  to  exceed  VNE  (velocity 
never  exceed)  at  1500  ft.  MSL  (mean  sec. 
level) 

-  Simulated  diving  firing  with  60  degree  bank, 
180  degree  side  entry  and  right  pull  up 

-  Twenty-minute  loitering  at  60-70  knots 

-  Diving  firing  with  60  degree  bank,  180  degree 
side  entry  and  right  pull  up 

-  Twenty-minute  loitering  at  60-70  knots 

-  Simulated  diving  firing  with  60  degree  bank, 
180  degree  side  entry  ai  d  right  pull  up 

-  Twenty-minute  loitering  at  60-70  knots 

-  Diving  firing  with  60  degree  bonk,  180  degree 
side  entry  and  right  pull  up 

-  Twenty-minute  loitering  at  60-70  knots 

-  Simulated  diving  firing  with  60  degree  bank, 
180  degree  side  entry  and  right  pull  up 

Twenty-minute  loitering  at  60-70  knots 

-  Diving  firing  with  60  degree  bank,  180  degree 
side  entry  and  right  puli  out 

-  Seven-minute  flight  at  maximum  velocity 
attainable  not  to  exceed  VNE  at  1500  ft. 

MSL 

-  One-minute  hover  (3  feet) 

Flight  Profile  No.  2 


Flight  Profile  No.  1 

-  One-minute  hover  (3  feet) 


This  mission  was  conducted  in  the  same  manner  as 
Flight  Profile  No.  1  with  the  following  exceptions: 
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Figure  5.  Accelerometer  locations  during  Figure  6.  Ty^'cal  PSD  plots  (AN/ARC  115) 

flight  test 


a.  The  simulated  diving  firing  and  diving  fir¬ 
ing  order  was  reversed. 

b.  All  diving  pull-ups  were  to  the  left. 

Vibration  data  were  continuously  recorded  an 
tape  during  take-offs,  dash  to  VNE,  each  phase  of  the 
flight  profiles  and  landings.  Cabin  temperature,  radio 
set  case  temperature,  and  transmitter  carrier  output 
and  modulation  were  periodically  measured  and  recorded 
throughout  each  flight  test.  At  the  conclusion  of  each 
flight  test,  the  taped  records  wsre  played  back  through 
the  on-board  tape  recorder  and  visually  displayed  on  an 
oscillograph.  This  allowed  examination  of  the  record¬ 
ings  to  assure  the  acquisition  of  proper  data  and  pro¬ 
vided  a  means  of  determining  the  need  for  repeating  a 
test  or  correcting  any  anomalies  prior  to  further  testing. 

The  vibration  data  obtained  during  the  actual 
flight  test  were  reduced  to  X-Y  plots,  oscillograph 
records,  and  computer  analyzed  power  spectral  density 
(PSD)  plots.  These  data  were  analyzed  and  reviewed 
with  Fort  Rucker  personnel .  Figure  6  shows  typical 
PSD  plots  of  accelerometer  data. 

The  data  channels  with  the  highest  level  of  vibra¬ 
tion  in  each  of  the  three  mutually  perpendicular  axes, 
and  with  th ,  r  jt  representation  of  the  flight  vibration 
environment  were  isolated  ana  selected  to  provide  the 
vibration  input  to  the  vibration  fixture  during  the  lab¬ 
oratory  simulated  flight  test.  A  master  tape  recording 
was  prepared  by  duplicating  these  specific  portions  of 
the  flight  test  tapes  in  order  to  provide  a  two-hour 
profile  of  the  helicopter  during  flight. 

Laboratory  Simulation  of  Flight  Vibration  Environment 

The  radio  sets  were  mounted  by  their  normal 


means  to  a  three  axes  vibration  test  system  as  shown  in 
Figures  7  and  8.  The  three  axes  vibration  test  system 
consists  of  three  electrodynamic  exciters  and  a  square 
aluminum  mounting  plate  that  provides  an  attachment  for 
the  test  specimen  as  well  as  input  points  for  the  three 
orthogonal  vibration  test  axes.  Simultaneous  excitation 
and  stability  are  realized  by  the  fact  that  although  mo¬ 
tions  are  unrestrained  in  the  three  orthogonal  axes,  they 
are  restrained  in  the  three  roll  axes.  This  is  accomplished 
by  using  specially  designed  drive  adaptors  that  are  axial¬ 
ly  stiff  and  laterally  soft. 

During  testing,  the  master  tape  recording  contain¬ 
ing  the  profile  was  played  into  a  control  system,  and 
each  of  the  three  axes  signals  routed  to  its  respective  ex¬ 
citer  system.  Figure  9  shows  the  control  system.  The 
taped  signals  were  amplified  and  passed  through  filter 
networks  which  compensated  for  fixture  and  exciter 
resonances.  A  master  control  unit  was  incorporated  to 
provide  start  up  and  shut  down  of  the  entire  system. 

Three  control  accelerometers  were  located  on  the 
vibration  fixture  (one  for  each  exciter).  The  output 
signals  from  the  accelerometers  were  monitored  during 
testing  to  insure  proper  vibration  levels  and  observe  any 
anomalies.  Periodically  during  the  test,  the  output  sig¬ 
nals  from  the  control  accelerometers  and  the  tape  input 
signals  to  the  three  axes  system  were  recorded  and  ana¬ 
lyzed  on  a  digital  computer.  The  data  generated  from 
the  simulator  tests  compared  favorably  with  the  data 
generated  during  the  flight  test.  The  electrical  opera¬ 
tion  of  the  radio  test  sets  was  checked  at  the  start  and 
end  uf  each  profile.  This  functional  test  consisted  of 
the  following  measurements: 

e  Transmitter  carrier  output 

e  Transmitter  carrier  modulation 
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Figure  7.  Helicopter  simulator  test 
setup  (overall  view) 


Figure  8.  Helicopter  simulator  test 
setup  (close-up  view) 


•  Input  voltage 

•  Case  temperature 

•  Ambient  temperature 

The  operational  characteristics  of  the  on-board 
helicopter  radio  equipment  were  determined  for  a  dura¬ 
tion  of  1500  hours  of  testing . 

FIFTY  TON  TRACKED  AND  WHEELED  VEHICLE  ROAD 
SIMULATOR 

Introduction 

Wyle  Laboratories  was  awarded  a  contract  by  the 
Army  Tank  Automotive  Command  to  determine  the  feas¬ 
ibility  for  the  design  and  construction  of  a  road  simula¬ 
tor  for  testing  large  size  vehicles  up  to  and  including 
the  M-60  tank.  Initially,  the  effort  involved  the  in¬ 
vestigation  of  two  sysrem  concepts  that  seemed  most 
practical  for  accomplishing  the  requirement.  The  in¬ 
vestigation  then  developed  to  the  "taint  where  one 
system  was  selected  for  the  final,  more  detailed  feasi¬ 
bility  study.  Though  the  plmary  task  was  to  determine 
the  optimum  system  that  would  deliver  the  maximum 
operational  parameters,  the  system  itself  would  be  an 
integral  part  of  c  large  testing  laboratory.  Consequent¬ 
ly,  such  things  as  system  layout,  heating,  cooling, 
exhausting  techniques,  accessibility  and  noise  levels 
were  factors  of  considerable  importance. 

Operational  Parameters 

The  operational  goals  of  the  system  were  estab¬ 
lished  by  the  Army  Tank  Automotive  Command  and 
were  considered  as  design  criteria  for  the  feasibility 
study.  These  parameters  are  as  follows: 


Vehicle  weight 

50  tons 

Maximum  vehicle  velocity 

50  mph 

Maximum  point  loading 
at  any  one  vehicle  road 

wheel 

80,000  lbs. 

Maximum  bump  height 

12  in. 

Minimum  bump  spacing 

to  bump  height  ratio 

1.5  to  1.0 

Maximum  vertical  velocity 

of  bump  profile 

270  in.  per  sec. 

Maximum  vehicle 

0  to  20  mph 

acceleration  rate 

in  10  sec. 

Maximum  incline 

30  per  cent  grade 

Simulation  of  vertical  and  tangential  loads  into  the 
vehicle  road  wheels  were  required.  Each  side  of  the 
simulator  was  to  be  independently  controlled  for  bump 
profile.  No  special  requirements  were  set  for  simulation 
of  vehicle  broking.  The  vehicle  was  to  be  remotely  con¬ 
trolled  while  urcer  test. 

Concept  Description 

The  two  basic  systems  initially  investigated  with 
regard  to  fulfilling  the  operational  requirements  were: 

•  Electrohydraulic  System 

This  system,  shown  in  Figure  10,  utilizes 
twelve  electrohydraulic  exciters  for  system 
excitation.  These  exciteis  generate  extremely 
high  forces  and  operate  satisfactorily  over  the 
range  of  frequencies  required  for  road  test 
simulation.  System  performance  is  a  function 
of  the  pressure  and  flow  capacities  of  the 
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Figure  10.  Rood  simulator  hydraulic  system 
concept 


pumping  system  as  well  as  the  area  and  stroke 
of  the  vlbrati ar.  exciters.  Complex  electronic 
servo-systems  are  utilized  to  program  and  con¬ 
trol  the  operation  of  the  exciters. 

The  maximum  operating  conditions  set 
forth  in  the  design  requirements  call  for  an 
average  hydraulic  flow  rate  of  557  gpm  per 
exciter.  These  exciters  would  be  sequentially 
programmed  to  provide  some  repeating  type 
input  to  the  vehicle.  Each  exciter  extension 
would  terminate  in  a  yoke  which  holds  a  motor 
dynamometer.  The  torque  of  these  devices 
w.uld  be  controlled  to  present  a  simulation  of 
the  grass  terrain  profile  ta  the  vehicle. 

This  system  would  display  a  requirement 
for  maximum  power  when  simulating  maximum 
bump  and  climbing  conditions.  Calculations 
show  this  maximum  power  requirement  ta  be 
9,084  hp.  Assuming  eighty  per  cent  efficiency 
of  the  hydraulic  pump  driving  motors  and  motor 
dynamometers,  the  total  primary  electric  pow¬ 
er  would  be  8,500  kva. 

e  Mechanical  System 

The  second  concept  involved  using  a 
mechanical  system  employing  two  "and  I  ess 
belts"  similar  in  function  ta  a  large  tank  tread. 
Road  surface  profiles  could  be  programmed  an 
these  belts,  which  would  then  be  driven  under 
the  wheels  of  stationary  vehicles. 

The  most  practical  concept  for  this  ap¬ 
proach  involves  providing  a  series  of  linked 


carriages  beneath  the  vehicle,  with  each  con¬ 
taining  steal  plates  that  could  be  actuated 
vertically  to  simulate  a  bump  input.  Thfs  con¬ 
cept  is  shown  in  Figure  1 1 . 

Extension  of  the  plates  would  be  accom¬ 
plished  with  a  long  stroke  hydrashaker  for  each 
track.  Road  profile  wavelengths  could  then 
be  programmed  in  increments  of  multiples  of 
the  thickness  of  the  steel  plates.  Each  plate 
would  be  extended  an  amount  determined  by 
the  basic  program  above  the  link  surface, 
located  in  place  and  driven  under  the  wheels 
of  the  vehicle.  Before  returning  ta  the  program 
position  again,  the  plates  would  be  unlocked 
and  returned  ta  their  bottom  position. 

The  system  would  exhibit  a  requirement 
for  maximum  power  when  simulating  vehicle 
acceleration  and  bump  conditions  simultan¬ 
eously.  The  power  required  by  the  drive  mo¬ 
tors  ta  simulate  the  maximum  specified  accel¬ 
eration  is  estimated  to  be  800  horsepower. 
Calculations  show  that  should  maximum  bump 
simulation  be  required  during  vehicle  accel¬ 
eration,  the  total  power  requirement  would  be 
3,028  hp.  Again,  assuming  eighty  per  cent 
pump  ana  motor  efficiency,  the  total  primary 
electrical  power  requirement  would  be  7,830 
kva. 

The  mechanical  system  was  selected  for 
the  total  feasibility  study  based  upon  a  com¬ 
parison  between  the  two  concepts  and  because 
of  its  versatility  and  lesser  power  demands. 
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Figure  1 1 .  Rood  simulotor  mechanical  system  Figure  12.  Pictorial  view  of  road  simulator 

concept 


Mechanical  Sv 


Apply  the  Plate  Lada 


The  total  system  concept  is  more  readily  understood 
by  separating  the  basic  configuration  into  its  major  com¬ 
ponents.  Figure  12  gives  a  pictorial  view  of  the  system. 
A  description  of  the  basic  system  components  follows: 

e  Mechanical  Configuration 

The  mechanical  configuration  includes 
oil  members,  linkages,  bearings  and  mecha¬ 
nisms  that  ore  employed  to  present  a  variable 
bump  to  the  tank  tracks.  The  conceived  sys¬ 
tem  provides  two  separate  treadmills,  one  for 
each  side  of  the  vehicle.  Ecch  treadmill  con¬ 
sists  of  a  series  of  carts  supported  on  bearing 
rollers.  The  carts  are  linked  together  and 
farm  a  brake  chain  which  is  pulled  under  the 
vehicle  by  large  sprockets.  The  carts  are 
pulled  along  the  underside  of  the  assembly,  up 
over  the  opposite  end  sprocket  and  then  repeat 
the  sequence. 


System  flexibility  also  provides  the  capability 
far  programming  the  plates  far  one  revolution 
and  allowing  them  to  retain  this  configuration 
while  the  vehicle  and  simulator  velocities  are 
varied. 

e  Hydraulic  System 

Programming  of  the  bump  plate*  Is  accom¬ 
plished  by  the  use  of  two,  six  inch  stroke, 
33,000  force-pound  hydraulic  exciters.  Hav¬ 
ing  determined  the  operational  requirement  of 
135  inches  per  second  peak  velocity,  each  of 
the  two  hydroshakers  employed  would  require 
440  gpm  peefe  flow  or  200  gpm  average  flow 
at  3,000  psl.  The  system  comprises  c  claeed 
loop  piping  configuration  that  starts  and  termi¬ 
nates  in  a  low  pressure  oil  reservoir. 

*  Drive  Motors 


Each  cart  contains  profile  simulating 
plates  cf  a  given  thickness  and  length.  Immed¬ 
iately  prior  to  passing  beneath  the  vehicle 
track,  each  plate  may  be  programmed  to  some 
desired  height  and  locked  into  place  with  a 
rack  assembly.  When  utilizing  o  variable 
type  program,  the  plates  are  unlocked  and 
deprogrammed  immediately  prior  to  encounter¬ 
ing  the  programmer.  Thus,  the  programming 
sequence  is: 

.  Release  the  Place  Locks 
.  Deprogram  the  Plotes 
.  Program  the  Plotes 


The  power  requirement  for  each  drive  mo¬ 
tor  is  established  as  being  approximately  400 
horsepower.  Further,  the  drive  motors  should 
display  the  following  characteristics: 

1 .  Constant  torque  from  0  to  40  per  cent 
of  maximum  speed.  Maximum  torque 
developed  at  40  per  cent  speed  equal 
to  400  hp. 

2.  Speed  and  torque  control  at  all  speeds. 

3.  Motors  must  possess  the  ability  to 
drive  as  wall  as  absorb  energy  an  a 
re-generative  basis  during  that  por¬ 
tion  of  test  when  the  tank  Is  simulating 
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Tha  total  control  qMa*  is  comprised  of 
tha  three  bade  tuhytiart  shown  in  Figure  13. 


1.  Vahiclo  angina  control 

2.  Tamdn  and  system  velocity  control 

3.  Profile  simulation  control 

Reaction  Mam 

Tha  required  reaction  mam  platform  dimon- 
sians  have  bean  defined  at  25  feat  fay  50  fact. 
The  design  is  pmdfootad  on  a  5  g  acceleration 
at  tha  c.g.  of  tha  50-ton  vehicle  to  ha  tasted. 
Also,  operational  criteria  anticipate  a  pack 
force  of  1,000,000  pounds  of  dtart  duration. 

Reinforced  concrete  with  reinforcing 
structural  steal  running  horizontally,  vertically 
and  diagonally,  should  ha  used.  Preferably 
Hie  entire  cencrete  maei  should  be  poured  at 
mg  atvifl  Hmi  to  Muni  a  BUM  Old 

wro^w  invwsi  erse^^w  see  aa  a^e^ee 

continuous  block  with  no  artificial  disjunction 
due  to  manufacturing  processing .  The  concrete 
wactfan  earn  should  bo  sandwiched  vertically 

mwiin  TWO  IrMI  pKntl|  InUI  tVQI IZIHQ  IIH 

allowing  advantages: 

1.  The  top  plate  gives  a  solid  anchor¬ 
age  for  thesystem  frame. 

2.  The  sandwich  construction  of  the 
reaction  mass  design  insures  a  better 
use  of  the  malarial  as  a  lumped  mass 
system,  and  therefore,  gives  a  higher 
mechanical  impedance  value  in  the 
frequency  range  where  mast  controls. 

3.  The  bolts  and  plates  will  give  some 
degree  of  concrete  pro-stressing, 
which  allows  the  material  to  possess 
higher  values  of  Young's  modules, 

E,  and  modulus  of  rigidity,  G.  Both 
E  and  G  play  Important  roles  in  wave 
propagation  in  the  concrete  material . 

4.  Provision  of  local  mats  should  wave 
phenomena  occur  inside  concrete 
reaction  mass. 


Figure  13.  Road  simulator  control  system 


5.  Further  prevention  of  concrete  fail¬ 
ure  in  tension. 

e  Data  Acquisition 

One  of  the  outstanding  advantages  of  per¬ 
forming  road  tests  under  simulated  conditions 
in  the  laboratory  is  the  ability  to  accurately 
define  and  evaluate  vehicle  response  charac¬ 
teristics.  This  can  only  be  totally  accomplished 
by  establishing  the  measurement  parameters 
that  are  required  to  adequately  define  these 
desired  responses.  Available  vehicle  test  liter¬ 
ature  have  indicated  these  parameters  to  bo: 

1 .  Acceleration  and  stress  of  critical 
chassis  and  suspension  members. 

2.  Dynamic  wheel  loads. 

3.  Vahiclo  velocity  and  acceleration . 

4.  Engine  torque  and  rpm. 

The  choice  of  basic  typo  of  data  system 
(analog  or  digital)  rests  upon  the  total  number 
of  channels  contemplated,  the  desire  for  real¬ 
time  acquisition,  system  flexibility  and  expan¬ 
sion. 

WHEEL/RAIL  DYNAMICS  TEST  FACILITY 
introduction 

Within  the  last  several  years,  the  American  public 
has  become  aware  of  the  basic  problems  that  have  begun 
to  plague  our  conventional  transportation  systems.  Both 
auto  and  air  traffic  problems  have  increased  to  the  point 
where  our  Government  has  deemed  it  necessary  to  legis¬ 
late  certain  actions  that  would  alleviate  these  conditions. 


Fig we  14.  Pictorial  view  of  wheel/reJl 
test  facility 


Design  of  the  facility  b  pradteMed  on  4m  IoIImIbq 
kSmum  »ibicl>  and  back  characteristics: 


Vehicle  (Powered  or  Unpovraad 
Weight 


Length 

Width 

Height 


400,000  lha. 

8,000  hp 
»0  ft. 
20  ft. 
20  ft. 


Gage 

Superelevation 
Vertical  Displacement 
Lateral  Piiolaceeient 

Frequency  Rang* 


4'8*  to  8*0* 
Kf° 

6  in. 
6  in. 
dc  to  00  Hz. 


■ic  Environment 


Concurrently,  parallel  rotations  lave  been  sought, 
lids  approach  has  led  to  the  consideration  and  accep¬ 
tance  of  high  speed  train  systems  as  a  basic  tranbporto 
Hon  medium,  and  industry  has  bean  given  the  mssidate 
to  develop  high  speed  trains  with  upending  speeds  up 
to  300  mph. 

Ta  meet  this  goal  demand!  that  giant  technological 
strides  be  taken  in  a  short  period  of  time.  As  is  true  in 
any  technology,  these  strides  can  only  be  accomplished 
by  highly  trained  personnel  and  the  proper  equipment. 

Of  immediate,  paramount  importance  is  the  controlled 
investigation  af  wheel/rail  dynamic  phenomena.  In 
May  af  this  year,  Wyie  Laboratorias/Huntsville  was 
awarded  a  contract  by  the  Federal  Railroad  Adminis¬ 
tration  for  the  design,  fabrication,  installation  and 
operation  af  a  wheel/rail  dynamics  test  facility.  Though 
this  facility  is  to  initially  concern  itself  with  the  in¬ 
vestigation  of  high  speed  wheel  -on-rail  vehicles,  sub¬ 
sequent  efforts  shall  also  include  the  capability  for 
testing  tracked  cir  cushioned  vehicles,  in  essence,  the 
primary  function  of  the  facility  is  to  reproduce  as  many 
of  the  vehicle/wheel/rail  environmental  conditions  as 
are  possible,  as  well  as  simulate  all  the  known  remain¬ 
ing  environmental  attributes.  Further,  sufficient  oper¬ 
ational  flexibility  shall  be  provided  to  afford  a  tool 
for  exp.'vimentation  in  those  areas  where  little  knowl¬ 
edge  is  now  available.  Figure  14  shows  a  pictorial 
view  of  the  wheel/rail  test  facility. 

Presently,  the  program  is  in  the  preliminary  design 
phase.  Pueblo,  Colorado  has  been  selected  os  the 
location  for  the  facility.  The  facility  is  scheduled  to 
be  fully  operational  approximately  two  /ears  from  new. 


Dynamic  environment  is  an  all-inclusive  bans  meant 
to  portray  the  total  dynamic  phenomena  that  are  to  be 
considered  in  the  design  af  the  test  facility,  if  the  fa¬ 
cility  is  to  accomplish  Its  true  purpora  it  must  effectively 
simulate  Heme  phenomena.  Additionally,  lha  facility 
should  display  versatility,  reliability  and  provisions  for 
later  changes  or  expansions.  A  iisHng  of  the  dynamic 
phenomena  Is  now  given: 

1 .  Local  Track  Effects 

.  Geometric  IrregulariHes 
.  Surface  conditions  of  wheels  and  rails 
.  Compliance  and  damping 

2.  Track  Geometry 

.  Tangent  track 

.  Spiral  entry 

.  Superelevated  curves 
.  Grade 

3.  Train  Induced  Dynamic  Phenomena 

.  End  coupling  loads 

.  Braking  loads 

.  Accelerating  loads 

.  Aerodynamic  loads 

4.  Self-Induced  Forces  and  Motions 


Trask  yaw  oscillaHons 
Track-car  body  interactict*4 


Simulator  Motions 


Adhralon,  cfMp  and  dip 
Centrifugal  fare* 
Gyroscopic  Forces 


Consideration  of  reproducing  the  above  phenomena 
in  the  lest  facility  has  lad  to  the  preliminary  design  of 
a  basic  platform  which  contains  a  circular  roller  for 
simulating  the  flat  rail .  Six  hydraulic  actuators  are 
used  to  import  controlled  motions  to  the  platform  end 
wheel/Mler  interface  in  six  degrees  of  freedom.  Thus, 
the  total  system  consists  of  a  series  of  these  platform, 
or  modules,  with  each  nodule  being  capable  of  provid¬ 
ing  motions  in  six  degrees  of  freedom  far  the  roller  under 
each  wheel  of  the  test  vehicle. 

As  stated,  the  roller  module  is  the  unit  whose  pri¬ 
mary  function  is  to  represent  a  continuous  rail  and  Its 
associated  properties  at  the  tiain/whool  interface.  It 
is  therefore  necessary  to  describe  the  roller  modulo 
motions  relative  to  this  interface.  In  addition  f->  the 
local  interface  coordinate  system,  an  additional  ref¬ 
erence  coordinate  system,  fixed  in  space,  must  be 
established  to  define  the  initial  position  of  the  local 
orthogonal  triad.  This  reference  coordinate  system  Is 
assumed  to  be  oriented  at  the  center  of  the  track  rood- 
bed.  Figure  IS  illustrates  the  two  coordinate  systems 
in  which  all  possible  motions  of  a  given  roller  module 
can  be  described.  Table  I  defines  the  simulation  mode, 
degrees  of  freedom  and  the  specific  coordinates  associ¬ 
ated  with  the  motions  required  far  simulation. 


Figure  15.  Wheel/rail  simulator  coordinate 
system 


nrWvlwmilPII  JyltlW 

An  elevation  view  of  the  six  degrees  of  freedom 
concept  is  shown  in  Figure  16. 

Essentially,  there  are  three  vertical  actuators  and 
throe  horizontal  actuators  par  module.  The  vertical 
actuators  provide  motions  in  the  vertical  direction  and 
rotational  motions  in  roll  and  pitch.  The  longitudinal 
actuator  is  used  for  imposing  longitudinal  motion; 
white  the  lateral  actuators  provide  lateral  and  yaw 
motions.  The  roil -simulating  roller  is  positioned  along 
the  longitudinal  centerline  of  the  platform  and  is  sup¬ 
ported  by  two  bearings  which  are  rigidly  attached  to 
the  platform. 

The  rail -simulating  roller  is  driven  by  an  off-board 
<bive  system  utilizing  an  electrical  motor  and  flywheel . 
The  total  <bive  system  consists  of  the  following  elements: 

e  Drive  motor 
e  Flywheel 
e  Drive  shaft 
e  Hydraulic  vane  coupling 
e  Constant  velocity  coupling 
a  Drive  motor/Tlywhee!  coupling 
e  Flywheel  support  bearing 
e  Hydrostatic  spline 

For  unpowered  vehicles,  the  drive  motor  supplies 
the  necessary  power  to  turn  the  flywheel  and  the  roller 
through  the  drive  shaft.  The  total  rotational  inertia 
of  the  flywheels  is  sized  to  simulate  the  longitudinal 
inertia  of  a  moving  vehicle.  Coupled  to  each  roller 
(on-board  the  platform)  is  a  hydraulic  vane  coupling, 
its  purpose  is  to  provide  controlled  velocity  changes 
to  the  roller  (to  nullify  the  decrowning  effect)  without 
requiring  controlled  speed  changes  in  the  drive  motors. 

Torsionaily  stiff,  constant  velocity  couplings  are 
used  to  connect  the  two  rollers  under  each  axle.  This 
some  type  coupling  is  used  to  connect  the  flywheels 
(located  off-board  the  platform)  to  the  rollers.  This 
coupling  allows  the  transmission  of  high  tc-'que  with 
minimum  velocity  error.  A  hydrostatically  lubricated 
spline  is  included  between  each  pair  of  constant  veloc¬ 
ity  couplings  which  provide  an  axial  degree  of  freedom 
to  accommodate  variations  in  distance  between  shaft- 
connected  components  due  to  platform  motions. 

Hydraulic  System 

Based  on  present  information,  facility  layouts  are 
being  made  to  accommodate  a  5,000  gpm,  3,000  psi 
hydraulic  system.  Present  information  and  onolyses 
show  that  a  ten  module  (one  module  per  wheel  of  an 
eight  wheeled  vehicle,  and  one  module  per  each  end 
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TABLE  1 


MOTIONS  REQUIRED  FOR  SIMULATION 


Simulation  Mode 

Specific 

Coordinates 

Simulation  Mode 

Specific 

Coordinates 

Vertical  irregularities  of  ten- 

Yj  translation 

Superelevated  spiral  trade 

Y|  translation 

gent  track 

6j  rotation  (pitch) 

Yj  translation 

Yj  translation 

Lateral  irregularities  of 

Yj  translation 

6|  rotation  (roll) 

tangent  trade 

Combined  vertical  and  lateral 

8j  rotation  (yaw) 

Yj  translation 

8.  rotation  (yaw) 
AQ 

irregularities  of  tangent  track 

Yj  translation 

Superelevated  spiral  track 

Yj  translation 

Y.  translation 

8j  rotation  (pitch) 

with  vertical  and  lateral 

0]  rotation  (yaw) 

irregularities  and  warp 
superimposed 

Yj  translation 

8,  rotation  (roll) 

Tangent  track  with  crowning 

Y|  translation 

8j  rotation  (pitch) 

compensation  * 

Vertical  irregularities  with 

AQt 

Y|  translation 

8j  rotation  (yaw) 
AQ 

crowning  compensation  on 

Yj  translation 

Superelevated  spiral  track 

Y|  translation 

tangent  track 

0j  rotation  (pitch) 
AQ 

with  vertical  and  lateral 
irregularities,  crowning 
compensation,  and  warp 

Yj  translation 

Y}  translation 

8|  rotation  (roll) 

Lateral  irregularities  with 

Y(  translation 

Yj  translation 

8.  rotation  (yaw) 
AQ 

Y|  translation 

Y.  translation 

Yj  translation 

6j  rotation  (pitch) 

9,  rotation  (yaw) 
AQ 

superimposed 

8jj  rotation  (pitch) 

crowning  compensation  on 
tangent  track 

Combined  vertical  and  lateral 
irregularities  with  crowning 
compensation  on  tangent  track 

8.  rotation  (yaw) 
AQ 

'Crowning  refers  to  the  wheel  on  the  crown  of  the  roller,  i.e.,  the  petition  where  the  axes  of  rotation  lie  in  the 
same  vertical  plane,  in  a  wheel/rail  simulator  in  which  circular  rollers  are  substituted  for  flat  rails,  the  equilibrium 
of  a  truck  becomes  unstable  once  the  wheels  have  departed  from  the  crowns  of  the  rollers  as  the  truck  yaws. 

♦  AQ  signifies  a  change  in  roller  rpm.  in  the  case  of  crowning  compensation,  this  would  only  involve  a  small  and 
temporary  perturbation  about  the  steady-state  rpm  and  in  a  direction  dictated  by  the  sense  of  the  decrowning  trans¬ 
lation,  whereas,  during  superelevation  and  simulated  curve  negotiation,  AQ  signifies  a  change  in  the  steady-state 
rpm  in  order  to  compensate  for  the  effectively  "longer"  outer  rail. 
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Figure  16.  Elevation  view  of  six  degrees -of- 
freedom  concept 


coupler)  would  require  a  3,000  gpm  system  while  an 
eighteen  module  system  would  require  a  5,000  gpm 
system. 

Reaction  Mosses 

Concepts  call  for  a  fixed  reaction  mass  on  one  end 
of  the  test  area,  with  a  movable  reaction  mass  on  the 
other  end  of  the  area.  Present  plans  call  for  a  total 
reaction  mass  weight  of  approximately  18,000  tons. 

Control  System 

The  control  system  determines  the  performance  of 
the  actuator  module  system  under  all  conditions  of  vary¬ 
ing  loads.  This  system  must  be  adaptive  to  changing 
load  environments,  which  affect  the  reproduction  of 
static  track  irregularities,  track  input  impedances,  and 
vehicle  induced  dynamic  track  irregularities  while 
suppressing  artifacts  which  result  from  the  simulation 
processes. 

The  nonstationary  nature  of  the  coupled  vehicle/ 
wheel/rail  interaction  processes  predicates  an  adaptive 
control  system.  A  liybrid  system  offers  the  best  approach 
to  the  successful  accomplishment  of  a  general  control 
system  which  can  adapt  to  the  evolutionary  character¬ 
istics  of  the  processes  to  be  controlled  in  real  time. 

The  control  system  is  schematically  illustrated  in  Figure 
17.  The  hybrid  system  comprises  the  following  modular 
sections:  source  profile  generator,  adaptive  filtering, 
coordinate  conversion,  inverse  system  transfer  function, 
signol  conditioning,  digital  monitor  and  processor, 
inverse  coordinate  conversion  (optional),  the  necessary 
feedback  networks,  including  inverse  track  impedance 
transfer  function,  and  the  inter-communication  coup¬ 
ling  with  other  control  system  modules. 


Facility  Layout 

Figure  18  presents  the  total  facility  layout.  This 
layout  illustrates  the  test  area  as  well  as  the  associated 
areas  required  for  efficient  facility  operation.  Presently 
conceived  are  two  bridge  cranes,  of  100  tons  lift  capac¬ 
ity  each,  that  will  be  used  to  off-load  the  test  vehicle 
from  the  spur  track  onto  the  test  machine.  This  process 
is  reversed  when  testing  is  accomplished. 

Though  the  layout  is  predicvr&J  on  both  immediate 
and  future  requirements,  the  facility  will  be  designed 
to  allow  for  future  physical  expansion.  .. 


Figure  18.  Wheel/rail  test  facility  layout 
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DISCUSSION 


Mr.  Kama  (Southwest  Research  Institute):  On 
the  three  degree-of-freedom  simulator  forlhe 
helicopter  environments  you  did  not  say  very  much 
about  how  equalization  is  accomplished.  Would  you 
elaborate  on  that,  and  in  particular,  indicate 
whether  you  ran  into  any  problems  that  were  dif¬ 
ferent  from  what  one  would  anticipate  for  a  one 
degree-of-freedom  system  with  a  broad  band  input? 


Mr.  Atone:  The  control  system  for  the  heli¬ 
copter  simulator  included  filter  networks  for  equal¬ 
izing  out  the  mechanical  resonances  of  the  exciters 
and  the  fixtures.  Several  trials  were  necessary  in 
order  to  obtain  a  one-to-one  correspondence  from 
the  tape  input  to  the  controls  to  the  output  of  the 


fixture.  Again  this  was  a  compromise  and  is  a 
best-effort  type  if  situation.  The  basic  limitations 
in  one  degree-of-freedom  system  compared  to  the 
three  degree-of-freedom  system  are  the  frequency 
response,  and,  of  course,  the  duplication  of  the 
field  environment.  The  frequency  response  in  our 
system  was  extremely  good  from  the  range  of  5  Hz. 
to  around  150  Hz.  Above  150  Hz. ,  the  control  was 
more  difficult  to  achieve.  In  a  single  degree  of 
freedom  system  this  would  be  easier  to  obtain. 
However,  having  to  make  our  system  a  three  degree- 
of-freedom  system,  the  restrictions  imposed  by  the 
basic  stingers,  as  we  call  them— the  attachments— 
gave  us  some  problems  in  those  areas.  We  have  a 
patented  design  on  some  stingers  which  allow 
three  degree-of-freedom  testing  simultaneously. 
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GESIGN  AND  FABRICATION  OF  AN  AIRCRAFT  SEAT  CRASH  SIMULATOR 


Nelson  M.  Isada 

State  University  of  New  York  at  Buffalo 
Buffalo,  New  York 


The  crashworthiness  of  aircraft  seat  and  passenger-restraint  systems 
nay  be  deternlned  by  means  of  crash  simulation  In  a  laboratory.  This 
study  Is  primarily  on  the  design  and  fabrication  of  a  variable  slope 
Inclined  plane  crash  simulator  for  the  purpose  of:  (1)  testing  models 
and  prototypes  of  aircraft  seat  and  passenger-restraint  systems,  and 
(2)  validating  mathematical  models  of  the  dynamics  of  aircraft  seats 
and  restraint  systems.  The  crash  simulator  consists  of:  (1)  a  crash 
cart,  (2)  a  swiveled  Inclined  ramp  with  tracks,  (3)  a  decelerating 
device  of  sandwich  coll  springs,  (4)  a  reinforced  concrete  abutment, 
and  (5)  accessory  equipments  such  as  quick  release  and  latching  mech¬ 
anisms. 


INTRODUCTION 

In  evaluating  the  crashworthiness  of  air¬ 
craft  seat  and  passenger-restraint  systems  It 
Is  necessary  that  the  effect  of  the  high  dec¬ 
eleration  Inputs  to  the  seat  and  passenger- 
restraint  system  be  reduced  so  that  the 
chances  of  survival  during  a  crash  landing 
and  rapid  egress  afterwards  can  be  Increased. 
It  Is  also  hoped  that  the  probability  of  de¬ 
tachment  of  passenger  seats  and  their  backs 
from  their  mounts  during  crash  landings  will 
be  minimized  through  energy  dissipation  and 
pulse  reshaping  of  the  shock  Input  from  the 
airframe. 

To  attain  the  foregoing  broad  objectives 
two  parallel  programs  [Refs.  1  and  2]  were 
followed,  namely  (1)  an  analytical  program  and 
(2)  a  laboratory  crash  simulation  program. 

This  paper  discusses  the  progress  of  the  lab¬ 
oratory  program.  This  program  consisted  pri¬ 
marily  cf  the  design  and  construction  of  vari¬ 
able  slope  Inclined  plane  crash  simulator  for 
the  purpose  of:  (1)  testing  models  and  proto¬ 
types  of  aircraft  seat  and  passenger-restraint 
systems,  and  (2)  validating  the  mathematical 
models  developed  In  the  analytical  program. 

A  search  of  the  literature  revealed  the 
existence  of  several  crash  simulators.  These 
crash  simulators  vary  In  complexity  -  some 
simple  and  others  very  sophisticated  facilit¬ 
ies.  However,  most  of  the  crash  simulators 


have  been  designed  to  simulate  level  (hori¬ 
zontal)  crashes.  Hence,  this  study  was  made 
to  simulate  variable  impact  angles. 

A  small-scale  crash  simulator  was  built  and 
tested  by  the  writer  and  Swiatosz  [Ref.  1], 
then  a  decision  was  made  to  design  and  build  a 
a  larger  Version  which  can  accommodate  two  air¬ 
craft  seats  subjected  to  a  15g  half-sine  dec¬ 
eleration  pulse.  This  full-scale  crash  sim¬ 
ulator  is  shown  in  Figures  1  and  2.  The  major 
components  of  this  simulator  are:  (1)  a  6  ft. 
wide  by  7  ft.  long  flat  top  steel  cart  with 
five  wheels  on  each  side  and  weighing  2600  lbs. 
unloaded;  (2)  a  swiveled  inclined  ramp  with 
tracks  supported  by  a  steel  superstructure 
about  30  ft.  long,  18  ft.  high  and  8  ft.  wide; 
(3)  a  decelerating  device  made  of  sandwiched 
steel  coil  springs  and  reversible  wedges  for 
change  of  impact  angles;  (4)  a  reinforced  con¬ 
crete  abutment,  weighing  about  60  tons,  with 
removable  top;  and  (5)  accessory  equipments 
such  as  the  renter  guide  mechanism,  a  quick  re¬ 
lease  and  latcmng  mechanism,  and  lifting 
(electric  winch)  devices. 

The  design  and  fabrication  criteria  for  this 
simulator  consisted  of  a  fixed  construction 
budget,  limited  time,  simplicity,  safety,  mini¬ 
mum  maintenance,  the  possibility  of  relocation 
and  further  development.  The  major  technical 
specifications  were:  (1)  loaded  weight  of  cart, 
4,000  lbs.;  (2)  Peak  deceleration  of  cart, 

15  g's;  (3)  Deceleration  duration,  0.1  sec.; 
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(4)  Normal  impact  angle  (slope  of  ramp).  15  de¬ 
grees;  (5'  Maximum  travel  on  ramp,  18  ft.;  (6) 
Maximum  drop  height  of  cart,  9  ft. 

The  instrumentation  used  to  test  the  full- 
scale  crash  simulator  consisted  of  piezo¬ 
electric  accelerometers  connecteo'  to  charge 
amplifiers  which  are  in  turn  connected  to  a 
multichannel  oscillograph  by  means  of  shielded 
cables.  More  detailed  descriptions  of  the 
components  of  this  crash  simulator  and  the  re¬ 
sults  of  crash  tests  will  now  be  given. 


THE  CRASH  CART 

The  crash  cart,  shown  in  Figure  2,  is  the 
central  portion  of  the  crash  simulator  because 
its  dimensions  and  characteristics  affect  the 
remaining  components  of  the  system.  For  ex¬ 
ample,  the  width  of  the  cart  affects  the  lo¬ 
cation  of  the  tracks  which  in  turn  affect  the 
width  of  the  supporting  structure;  the  weight 
of  the  cart  affects  the  characteristics  of  the 
decelerating  device  and  the  capacity  of  the 
electric  hoist. 

As  mentioned  earlier,  the  cart  should  be 
able  to  accommodate  a  two-passenger  aircraft 
seat.  This  specification  imposes  a  400  1b. 
(weight  of  two  passengers  plus  weight  of  seat) 
load  on  the  cart.  In  order  for  the  dynamic 
interaction  between  the  cart  and  the  load  to  bo 
acceptable  a  total  weight  to  load  ratio  of  ten 
was  chosen.  This  required  a  total  loaded 
weight  (cart  +  load)  of  4,000  lbs. 

In  addition  to  the  above  specification  it 
is  also  desirable  that  the  cart  be  able  to  ac¬ 
commodate  geometrically  three  rows  of  seats  so 
that  the  effects  of  restraint  systems  (belts 
and/or  inflatable  air  bags)  may  be  investigated. 
This  additional  requirement  was  met  by  building 
a  cart  with  a  flat  steel  top  6  ft.  wide  by  7  ft. 
long  by  1/2  inch  thick.  The  larger  length  than 
width  dimension  is  satisfactory  from  the  stand¬ 
point  of  stability  against  yawing  (horizontal 
turning)  of  the  cart  during  a  test  run. 

The  third  specification  for  the  cart  was  to 
distribute  the  load  as  evenly  as  possible.  For 
this  purpose,  ten  wheels  (five  on  each  side) 
with  polyurethane  elastomer  tires  (to  cut  down 
on  noise)  were  used.  The  wheels  are  held  by 
one-inch  diameter  axles. 

A  fourth  major  specification  for  the  cart 
is  rigidity.  This  requirement  was  met  by  using 
6"  x  4"  x  1/2"  angle  irons  for  outside  braces, 
a  6"  I-beam  for  center  brace,  and  6"  x  1/2" 
bent  plates  for  cross  bracing  as  shown  in 
Figure  4.  In  addition,  the  front  of  the  cart 
was  made  rigid  by  welding  five  eight-inch  I- 
beams  and  a  one-inch  bumper  plate  to  it  as 
shown  in  Figure  3  and  Figure  4. 


INCLIICD  RAMP  AND  SUPERSTRUCTURE 

The  first  requirement  Imposed  on  the  ramp 
was  variable  slope.  To  meet  this  specifica¬ 
tion  a  swiveled  ramp,  shown  in  Figure  5,  was 
selected.  This  ramp  can  be  Inclined  from  Or 
to  30°  about  a  3- inch  diameter  pin. 

The  second  requirement  for  this  ramp  is  for 
It  to  be  able  to  carry  the  crash  cart  and  its 
load.  To  this  end  one  12-inch  channel  on  each 
side,  weighing  20.7  lbs.  per  foot,  was  used. 
Each  channel  is  supported  by  eight-inch  wide 
flange  (8  MF)  columns  every  6  ft.  as  shown 
In  Figures  5  and  6. 

The  third  specification  for  the  ramp  Is  for 
It  to  be  able  to  carry  the  cart  wheel  tracks 
and  the  J*  center  guide  rails.  The  ar¬ 
rangements  are  shown  In  Figure  6.  This 
figure  shows  the  5-1nch  channel  track  at¬ 
tached  to  the  12-inch  channel  carriage  and 
the  J  guide  rail  attached  to  the  channel 
cross  braces. 

The  fourth  requirement  Imposed  on  the  ramp 
is  rigidity.  This  specification  was  met  by 
the  use  of  channel  braces  and  tie  rods  as 
shown  in  Figure  7. 

The  primary  functions  of  the  superstructure 
are  to  support  the  ramp  and  the  lifting  de¬ 
vices.  The  superstructure,  shown  in  Figure  8, 
is  made  of  i’ive  8-inch  wlde-flange  colunns 
(8  24  @  6'  -0”  o.c.)  on  each  side  and 

joined  at  the  top  by  an  angled  8-1nch  wide 
flange  beam  (8  f*T17).  Each  side  is  braced 
vertically  by  l-1nch  diameter  tie  rods  and 
5-1nch  wide  flange  beams  (5  1AF16).  The  two 
sides  of  the  superstructure  are  joined  to- 
ether  at  the  top  by  5- inch  wide  flange  beams 
5  WF16)  and  braced  diagonally  by  2  1/2"  x 
2  1/2"  angle  irons.  Knee  braces  are  provided 
at  the  end  columns. 


DECELERATING  DEVICE 

The  decelerating  device  must  meet  two  major 
requirements,  namely,  (1)  a  capability  to 
change  the  angle  of  Impact  and  (2)  a  capability 
to  produce  a  pulse  duration  of  0.1  sec. 

The  first  requirement  was  met  by  using  five 
reversible  steel  bumpers  (wedges)  made  from 
8-inch  beams  as  shown  in  Figure  9.  These 
bumpers  are  bolted  to  the  reinforced  concrete 
abutment.  The  upper  arrangement,  shown  In 
Figure  9,  is  for  an  impact  angle  of  30  degrees 
whereas  the  lower  portion  Is  for  a  horizontal 
impact.  The  bumpers  for  a  15-degree  impact 
are  made  of  uncut  8-inch  beams.  The  spacings 
of  these  bumpers  match  the  spacings  of  the 
cart  bumpers. 
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The  pulse  deration  requirement  was  met  by 
building  a  sandwiched  steel  coil  springs  as 
shown  In  Figure  10.  This  figure  shows  a  steel 
plate  joining  the  forward  ends  of  the  coll 
springs  and  anchored  to  the  8-1nch  wedges. 

There  is  another  plate  joining  the  rear  ends 
of  the  coil  springs.  The  rear  face  of  the 
sandwiched  springs  slide  along  the  wheel  tracks 
to  prevent  falling  off.  The  springs  used  in 
this  initial  study  are  automotive  suspension 
springs  with  an  average  spring  rate  of  200  lbs. 
per  inch  each.  The  springs  are  removable  (a 
maximum  of  eighteen  springs  can  be  used)  so 
that  the  spring  rate  can  be  varied  to  meet  the 
pulse  duration  requirement.  The  spring  rate 
needed  is  (See  Figure  11) 

Required  K$  »  ir*W/gt2 

where 

Ks  *  simulator  spring  constant,  lbs. /inch 

W  *  cart  weight,  lbs. 

g  *  gravitational  acceleration,  inches/ 

sec2 

t  =  pulse  duration,  sec. 

The  foregoing  equation  has  been  derived  from 
the  free  vibration  solution  of  an  undamped 
linear  spring  with  no  Initial  deformation  and 
then  impacted  by  a  rigid  mass. 


REINFORCED  CONCRFTL  ABUTMENT 

The  major  requirement  in  the  design  of  the 
abutment  is  that  It  must  be  stable,  i.e.,  the 
motions  must  be  negligible.  To  meet  this  re¬ 
quirement  several  physical  considerations  ware 
made.  One  is  that  the  mass  of  the  abutment 
must  be  large  compared  to  the  mass  of  the  cart. 
A  mass  ratio  of  30  was  chosen  as  practical . 

This  mass  ratio  requires  that  the  abutment 
must  weigh  around  120,000  lbs.  (60  tons).  The 
most  logical  choice  Is  a  reinforced  concrete 
abutment.  The  dimensions  of  this  abutment  are 
shown  in  Figures  12  and  13.  This  concrete 
abutment  is  made  up  of  three  parts  (see  Figure 
12),  namely,  (1)  an  existing  concrete  pad  (11' 
6"  wide  by  7'0"  long  by  4'0"  deep)  formerly 
used  as  a  machine  foundation;  (2)  a  newly 
poured  stepped  continuous  pile  (11 ’6"  wide  by 
3'0“  long,  stepped  down  to  l'C"  by  7'0"  deep) 
and  (3)  a  removable  top  (11 ’6"  wide  by  lO'O1' 
long,  plus  a  concrete  Striker  wedge,  by  3'0" 
high).  The  existing  machine  foundation  was 
used  to  Increase  the  mass  of  the  abutment,  the 
stepped  continuous  pile  was  poured  to  insure 
that  the  abutment  does  not  move  dangerously, 
the  removable  top  feature  was  added  for  pos¬ 
sible  relocation  and  further  development,  and 
a  concrete  striker  wedge  with  anchor  bolts  were 
added  to  provide  an  inclined  face  for  and  to 
anchor  the  steel  wedges. 


ACCESSORY  EQUIPMENTS 

Several  accessory  equipments  are  needed  for 
the  proper  operation  of  the  crash  simulator. 
One  is  a  pair  of  guide  mechanisms  (or  hooking 
devices)  attached  to  the  underside  of  the 
cart.  The  mechanism,  shown  In  Figure  14,  pro¬ 
vides  cam  followers  to  roll  against  the 
guide  rails  mounted  on  the  inclined  ramp  as 
shown  previously  in  Fig  e  6. 

Another  accessory  equipment  is  the  latching 
and  release  mechanism  shown  in  figure  15. 

This  mechanism  is  made  of  a  curved  plate  at¬ 
tached  to  the  rear  of  the  cart  and  a  pneumatic 
cylinder  with  a  spring-mounted  plunger.  The 
cart  latches  when  the  plunger  and  the  hole  in 
the  curve  plate  align.  The  cart  is  releasee 
by  providing  compressed  air  to  the  pneumatic 
cylinder  to  overcome  the  friction  between  the 
curved  plate  and  the  plunger. 

A  third  accessory  equipment  is  the  cart  re¬ 
covery  device.  The  device  chosen  is  an 
electric  winch  with  a  stainless  steel  cable 
hooked  to  the  cart  in  order  to  pull  the  cart 
up  the  Incline.  The  electric  winch  is  mounted 
at  the  end  of  the  inclined  ramp. 

A  fourth  accessory  equipment  is  a  pair  of 
chain  hoists  for  changing  the  slope  of  the 
ramp.  These  hoists  are  mounted  on  the  top 
brace  of  the  superstructure. 


CRASH  SIMULATOR  TESTS 

Crash  tests  made  with  the  full  scale  crash 
simulator  proved  out  the  adequacy  of  the 
design  and  the  instrumentation.  Hence,  the 
crash  simulator  is  now  ready  for  the  testing 
of  prototype  (full  scale)  passenger  seats. 

The  instrumentation  used  to  test  the  full- 
scale  crash  simulator  consisted  of  piezo¬ 
electric  accelerometers  connected  to  charge 
amplifiers  which  are  in  turn  connected  to  a 
multichannel  oscillograph  by  means  of  shielded 
cables  as  shewn  in  Figure  16. 

Two  seats  were  used  to  test  the  full  scale 
crash  simulator.  One  was  a  school  bus  seat 
that  was  readily  available  and  full  size. 

The  seat  was  mounted  on  the  cart  similar  to 
the  way  the  seat  is  mounted  on  a  school  bus. 
The  mounted  seat  can  be  seen  in  Figure  3. 
Although  the  crash  simulator  performed  satis¬ 
factorily,  the  school  bus  seat  did  not  because 
the  seat  cushion  was  thrown  about  when  sub¬ 
jected  to  a  cart  deceleration  of  3.77g.  The 
cart  deceleration  for  this  test  was  recorded 
and  is  shown  in  Figure  17,  together  with  the 
time  base  pulses  energized  by  micro  switches 
which  were  triggered  by  the  cart  In  this 
test.,  ten  automotive  coil  springs  were  used  in 
the  decelerating  device.  Inspection  of  the 
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school  bus  seat  cushion  showed  that  the  clamp¬ 
ing  attachment  was  very  weak,  indicating  a  need 
for  the  development  of  rational  specifications 
for  school  bus  seats. 

In  view  of  the  above,  another  seat  was 
used.  An  automotive  seat,  which  was  also 
available,  was  nsounted  on  springs  simulating 
the  stiffness  of  aircraft  seats.  Another  modi¬ 
fication  was  the  addition  of  eight  springs  to 
the  previous  ten  springs  in  the  decelerating 
device.  Crash  tests  were  then  performed  by 
varying  the  drop  height  of  one  foot  to  a  drop 
height  of  four  ,'“*t.  The  results  of  the  mea¬ 
sured  peak  decelerations  are  snown  in  Figure 
18.  Also  shown  in  Figure  13  are  the  calculated 
peak  decelerations  based  upon  free  fall  impact 
velocity  and  the  free  vibration  of  an  ideal 
spring-mass  system.  Both  ••nsults  agree  close¬ 
ly.  The  small  discrepancies  can  easily  be  at¬ 
tributed  to  rolling  friction.  Also  shown  in 
the  figure  is  the  distance  travelled  by  the 
cart  before  impact  along  the  15-degree  in¬ 
clined  ramp. 
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CONCLUSIONS 

As  a  result  of  this  study,  some  new  in¬ 
formation  has  been  gained  and  what  we  believe 
to  be  a  unique  crash  simulator  facility  has 
been  built.  Some  of  this  new  information 
and  the  components  of  the  crash  simulator  have 
been  discussed.  Briefly,  it  can  be  concluded 
that:  (1)  A  simple,  rugged  and  effective 
variable  slope  inclined  plane  crash  simulator 
can  be  designed  and  built  for  use  to  test  full 
scale  aircraft  seats  and  passenger-restraint 
systems;  and  (2)  commercially  available  trans¬ 
ducers,  instrumentation,  recording  devices  and 
photographic  equipment  can  be  used  gainfully 
in  crash  simulation  tests. 
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INCLINED  PLANE  CRASH  SIMULATOR 
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FIGURE  5.  SIDE  VIEW  OF  SWIVELED  RAMP 


FIGURE  8.  SUPERSTRUCTURE  STRUCTURAL  ARRANGEMENT 


FIGURE  9.  REVERSIBLE  STEEL  BUMPER  WEDGES 
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FIGURE  12.  SIDE  VIEW  OF  CONCRETE  ABUTMENT 
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FIGURE  13.  ISOMETRIC  VIEW  OF  CONCRETE  ABUTMENT 
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Top  rouers 


FIGURE  14.  CENTER  GUIDE  MECHANISM 


FIGURE  15.  LATCHING  AND  RELEASE  MECHANISM 
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FIGURE  18.  PEAK  DECELERATIONS  OF  CART  FOR  VARIOUS  DROP  HEIGHTS. 


DISCUSSION 


Mr.  Keeffe  (Kaman  Sciences):  You  said  you 
designed  your  simulator  for  15  g's,  is  this  a  rep¬ 
resentative  number  for  crashing  airplanes? 

Mr.  Isada:  Some  specifications  say  8  g's, 
newer  ones  say  10  g's,  but  we  feel  that  aircraft 


seats  should  be  designed  for  at  least  15  g's.  If  the 
seats  and  the  restraint  systems  can  withstand  the 
impact,  even  if  the  shell  collapses,  we  feel  that  the 
passenger  has  a  better  chance  of  surviving. 
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"DESCRIPTION  OF  A  SHOCK  AND  VIBRATION  DISPLACEMENT  AMPLIFIER 


D.  Cerasuolo,  J.  Chin 
Raytheon  Company 
Sudbury,  Massachusetts 


This  paper  describes  the  technique  used  by  the  authors 
to  simulate  the  large  displacement  low  frequency  dynamic 
environments  found  in  massive  ground  based  installations. 
The  technique  utilizes  a  conventional  electrodynamic 
shaker  and  readily  available  conroercial  test  equipment. 

A  prototype  of  the  Shock  and  Vibration  Displacement 
Amplifier  was  assembled  and  tested.  The  performance 
and  theory  of  operation  of  this  prototype  system  are 
discussed. 


INTRODUCTION 


THEORY  OF  OPERATION 


Recent  developments  in  this 
country's  National  Defense  Policy  and 
consequently  the  U.S.  Armament  industry 
have  brought  about  changes  in  require¬ 
ments  for  survivability  of  equipments 
in  battle  environments.  Among  these 
are  large  displacement  low  frequency 
dynamic  environment  found  in  the  massive 
ground  based  installations  such  as  that 
Raytheon  Company  is  presently  involved 
with.  These  programs  require 
displacements  as  high  as  10  inches  at 
frequencies  as  low  as  2  cps. 

The  bulk  of  equipment  available 
to  perform  dynamic  tests  are  electro- 
dynamic  shakers.  These  equipments  are 
inherently  displacement  limited. 
Displacement  limits  are  generally  in 
the  fraction  of  an  inch  to  one  inch  and 
a  fraction  range  for  nearly  all  exciters 
of  this  type  in  use  today.  A  few  large 
displacement  exciters  have  been  built 
but  are  of  the  single  thruster  type 
design  and  severely  payload  limited. 
Hydraulic  shakers  which  lend  themselves 
to  large  displacement  low  frequency 
applications  require  large  expensive 
installations,  and  lack  the  flexibility 
of  an  electrodynamic  shaker  system, 
especially  at  the  higher  frequencies. 
Because  of  this  and  the  requirement, 
we  were  given  to  perform  these  large 
displacement  low  frequency  tests,  the 
system  herein  described  was  developed. 


The  concept  upon  which  the  system 
is  based  i.e.,  utilizing  the  phenomena 
of  resonance  to  achieve  displacement 
amplification,  is  not  new.  However, 
the  method  we  used  to  implement  and 
control  the  phenomena  is  unique.  The 
following  schematic  will  help 
illustrate  the  method: 
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Figure  I 

The  system  can  be  assumed 
analogous  to  the  single  degree  of 
Freedom  System  of  Figure  I , 

The  electrodynamic  shaker  is  represented 
by  the  support  and  the  test  item  by  the 
mass.  The  forces  acting  on  the  mass 
are  the  spring  force  *  k(s-y)  and 
damping  force  *  c(s-y),  assuming  "y"  is 
greater  than  "s".  Using  F  =  ma,  the 
equation  of  motion  is: 

(1)  my  =  k(s-y)  +  c  (s-y) 

where:  s  =  the  displacement  of  the 
support 

y  =  the  displacement  of  the 
mounted  body 
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The  factor  V,  tha  tyitai  spring 
constant  and  aca,  tha  viscous  doping 
ara  tha  parasmters  we  will  oc.ct.ol  to 
achlava  the  desired  response  for  a 
doped  sine  shock  test  or  swept  sine 
vibration  test.  Solution  to  the 
differential  aquation  in  teems  of  tha 
amplitude  ratio  (referenced  to  as 
transxissibility  td> t 


(2) 


T 


>  <5l2 


where:  The  undamped  natural  frequency 

-ft--^R75T 

and  dancing  constant  (  ^  )  •  C/C  (C 
Is  the  critical  damping)  are 
the  systae  parameters  In  terns  of  "K" 
and  aCa.  Plots  of  this  equation  for 
various  values  of  \  are  shown  In 
Figure  XX 


by  adjusting  the  aKa  of  the  systen  so 
that  the  ratio  of  aw*  which  la  the 
forcing  frequency  to -ft-  is  unity,  a 
condition  of  resonance  is  obtained 
whereby  the  displaces  ant  Is  amplified 
as  a  function  of  the  system  deeping. 

In  our  systae  we  have  utilised  air 
springe  whose  "K"  is  continuously 
variable  aa  a  function  of  gaseous 
pressure  enabling  us  to  "tune"  the 
systae  in  its  dynamic  state.  A  schematic 
of  the  prototype  mechanical  amplifier  la 
illustrated  In  Figure  XXX. 


For  the  danped  sinusoidal  shock 
tasting,  tha  exponential  decay  rate 
of  the  transient  disturbance  of  the 
mounted  body  is  also  a  function  of  the 
system  damping.  Since  the  system 
damping  Is  not  continuously  variable 
In  a  controllable  manner — our  system 
simulates  the  decay  rote  desired  e.g., 

?  *  0.1  expressed  in  a  percentage  as 
10%  of  critical  (C  ).  This  Is  achieved 
by  controlling  thecdecay  rate  of  the 
input  forcing  frequency  with  the 
amplitude  modulator. 


At  resonance  w/in.  ■  1,  the  trans- 
mlselblllty  is  a  maximum  and  the 
equation  becomes i 

(3)  - 

T  .  1  ♦  (2  f  >2 

D  w  >  Is 

The  absolute  displacement  (a  +  y) 
of  the  mounted  body  is  then  entirely 
dependent  on  the  damping,  the  ratio 
varying  between  infinity  (  oo )  for  an 
undamped  system  and  (s  +  M5/4)  for  a 

critically  damped  system.  Therefore, 


In  the  Swept  Sine  vibration  Made, 
the  system  must  be  continuously  tuned 
to  resonance  while  sweeping  the 
frequency.  This  is  achieved  by 
utilizing  the  phase  relationship  of 
the  displacement  of  the  mounted  body 
to  that  of  the  support. 

Again  referring  to  Figure  I 
the  expression  for  the  displacement  of 
the  mounted  body  "M"  is» 

(4) 

y  -  yQ  cos  (wt  +  f  2) 
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U!  is  ti*a  phase  angle  titwi o  the 
topjo— »t  (or  acceleration)  of 
the  mounted  body  “K"  and  the  support. 
The  solution  to  this  equation  in  teems 
of  the  tangent  of  the  phase  angle: 

(5) 

I  <«/•"-  >3 _ • 

[l-te2/^  2j]+  [i(w/-A.  >g2 

Where  all  tens  are  the  sane  as  In 
equation  (2).  Again  evaluating  the 
expression  at  resonance! 

(6) 

Tan  y  2 

*  A  plot  of  this  equation  for  various 
values  of  C/C  is  shown  in  Figure  IV 
below 


Monitor  and  the  Oscillator.  The 
Shaker  System  transducers  and  signal 
conditioning  equipment  are  all  part  of 
the  normal  existing  vibration  labora¬ 
tory  equipment.  The  addition  of  the 
Mechanical  Amplifier.  Resonance  Dwell 
Chase  Meter,  Dual  Tracking  Filter, 
and  CBL  Pneumatic  source  completes 
tha  system  as  shown  in  Figure  V. 


It  can  be  seen  then  that  the 
phase  angle  is  also  a  function  of  the 
damping  ratio  and  approaches  90  at 
resonance  with  no  damping  l.e.,  ■  0. 

The  angle  varies  between  approximately 
-27°  for  a  critically  damped  system 
(  £  ■  1)  and-90°  for  an  undamped 
system.  In  our  system  with  £  ■  .1 
this  phase  angle  is  -79°.  It  is  this 
phase  angle  which  we  use  to  control  and 
maintain  the  system  at  resonance  with 
the  sweeping  frequency. 

DESCRIPTION  OF  SYSTEM 

The  complete  system  consists  of 
an  electrodynamic  shaker/amplifier 
Which  includes  the  Amplitude  Servo 


1.  Steady  State  Vibration  -  Swept 
Sine  operating  Mode, 

in  the  steady  state  vibration  mode, 
tha  shaker  system  amplitude  servo 
monitor  and  oscillator  are  set  up  as  In 
a  normal  teat  to  suit  the  dynamic 
conditions  required.  After  start  up 
of  the  shaker,  the  air  springs  are 
tuned  to  resonance  as  indicated  by  the 
proper  phase  angle  on  che  phase  meter, 
and/or  lisajous  pattern  on  the 
oscilloscope.  This  is  usually  done  at 
the  lowest  desired  test  frequency. 

The  tuning  is  accomplished  by  admitting 
gaseous  nitrogen  from  a  high  pressure 
gas  source  through  a  regulator  to  set 
the  desired  pressure  on  the  air  springs 
Acceleration  or/displacement  trans¬ 
ducers  mounted  on  either  side  of  the 
displacement  amplifier  provide  a  signal 
to  the  phase  meter  through  a  dual 
channel  tracking  filter.  The  tracking 
filter  is  used  both  for  cleaning  the 
signal  i.e.,  removal  of  .iv>vtr.tad 
noise,  and  to  utilize  the  hetero¬ 
dyning  of  the  lOOKc,  carrier  for 
frequencies  below  5  cps,  the  low 
frequency  design  limit  of  the  phase 
meter.  Th^se  signals  "A"  from  the  out¬ 
put  (mounted  body)  side  and  "B“  from 
the  input  (shaker  top  side)  are  fed 
through  the  signal  conditioning 
(charge  amplifier)  system  for  normal¬ 
ization  and  or  gain  adjustment,  then 
through  the  tracking  filter  to  the 
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phase  meter.  Signal  "A"  is  also  sent 
from  the  tracking  filter  to  the  servo 
monitor  for  continuous  control  of  the 
test  item  to  the  required  specification 

After  tuning  to  resonance,  the 
phase  meter  -  which  contains  an  integral 
resonant  dwell  circuit  -  is  placed  in 
the  'Preset*  mode  which  nulls  the  out¬ 
put  to  the  sweep  oscillator.  This 
procedure  accomplishes  the  control  of 
the  oscillator  by  the  resonant  phase 
angle  between  the  input  and  output  of 
the  mechanical  amplifier.  The 
oscillator  is  controlled  by  an  error 
signal  provided  by  a  change  in  the 
preset  phase  angle  in  the  resonant 
dwell  phase  meter. 

The  phase  error  is  generated  by  a 
change  in  pressure  at  the  air  springs 
constantly  'detuning"  the  system.  The 
phase  meter,  continuously  correcting 
for  the  detuning,  drives  the  oscillator 
to  resonance,  resulting  in  a  swept  sine 
frequency  'at  tuned  resonance' 
proportional  to  the  rate  of  change  of 
gas  pressurization.  The  oscillator 
signal  is  processed  through  the  servo 
monitor  to  the  power  amplifier  which 
drives  the  shaker,  controlling  the 
input  as  a  function  of  the  response. 

The  pneumatic  input  to  the  air 
springs  is  provided  by  a  regulated  high 
pressure  gaseous  nitrogen  GN_  source. 

A  pressure  transducer  (Figure  VI) 
controlled  by  a  DC  signal  proportional 
to  oscillator  frequency  admits  gas  to 
provide  the  proper  tuning  as  a  function 
of  time.  The  controlled  gas  flow  into 
the  air  springs  determines  the  sweep 


A  photograph  of  a  typical  test 
setup  is  shown  below 


PI  CURE  VII- PHOTOGRAPH  OP  A  TYPICAL  TEST  SETUP 


2.  Results: 

Tests  on  the  system  have  resulted 
in  displacement  amplifications  as  high 
as  11  inches  at  3  cps  and  10  inches 
at  7.5  cps  at  sweep  rates  of  2-1/2 
octaves  per  minute  between  frequencies 
of  3  cps  to  22  cps.  The  system  is 
limited  by  the  performance  capabilities 
of  the  electrodynaraic  shaker  system. 
These  results  are  shown  in  the 
accompanying  test  data.  (Figure  VIZI) 
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3.  Shock  Mode  of  Operation: 

In  the  Shock  Mode  of  Operation, 
the  system  is  'tuned"  to  resonance  at 
a  discrete  frequency  in  a  similar 
manner,  with  the  set  up  shown  as  in 


Figure  XX.  The  amplitude  modulated 
signal  source  delivers  a  sins  burst 
at  tbs  desired  frequency  and  decay 
rate  to  the  power  amplifier  to  excite 
the  shaker.  The  resulting  displace¬ 
ment  is  amplified  through  the  air 
spring  mechanical  amplifier  to  the 
desired  level  by  adjusting  the  peak 
amplitude  of  the  input  signal.  This  is 
accomplished  by  (See  Figure  X)  applying 
a  sine  burst  of  the  desired  frequency 
from  the  function  generator  where  it  is 
time  phased  and  triggered  in  the 
variable  delay.  The  pulse  gate  passes 
the  nus&er  of  cycles  desired  and  sets 
the  decay  rate  as  delivered  by  the 
ramp  voltage  generator.  The  solitude 
modulated  signal  is  then  fed  into  the 
power  amplifier  to  excite  the  shaker. 


Sensitivity;  vertical  2'JQnv/cr. 
lb  Hz) 

FIGURE  XI  -  AHPLTTUDF.  MODULATE!  5® 


Amplifications  of  greater  than 
10:1  have  been  accomplished. 
Displacements  of  11  inches  at  3  cps  on 
the  mounted  body  have  been  achieved. 
The  results  are  shown  in  Figure  XI 
through  XIII. 


Filtered  1 5 Hz  Bandwidth) 

Sensitivity:  Vertical  ( 1 •4q/cmj , (5Hz) 
FIGURE  XII I- ELECTRO  DYNAMIC  SHAKER  ARMATURE 


DISCISSION 


Mr.  tialef  (TKW  Systems):  I  am  surprised  at 
\<nir  wrv  good  r-.sults  on  the  damped  sinusoid, 
lie iv  »r  are  ik-aling  -vith  a  Igktly  damped  system 
which  takes  some  time  to  <mild  up  to  resonance,  and 
I  would  expect  it  to  reach  its  pe  ak  value  quite  a  few 
cycles  later  in  time  and  then  to  (lamp  out  quite 
shm  It .  Ilow  does  the  theoretical  calculation  of 
that  ten  percent  damped  system  compare  to  what 
vou  actually  (tot? 

Mr.  (*••;•  isuolo:  This  is  a  function  of  the  i-loc- 
trodynamic  sh:ikcr  itself,  and  of  the  mounted  test 
mass  and  the  shaker  armature— the  load  to  be  over¬ 
come.  Would  you  show  slide-  1?  again  picas.;?  The 
i>cak  amplitude  is  not  reached  on  the  first  cycle.  It 
will  take  as  many  cycles  as  are  neceessary  to 
overcome  the  inertia.  Notice  that  the  peak  amplitude 
is  reached  on  approximately  the  second  cycle.  This 
is  a  limitation  which  you  have  to  live  with  unless 
vou  have  got  enough  force  capability  to  handle  it. 

Mr.  tialef:  That  is  the  input.  I  am  concerned 
about  the  other  side  of  the  air  bag.  I  would  expect 
the  peak  not  to  lx-  reached  until  the  fifth  or  sixth 
cvelc. 

Mr.  t-Vrasuolo:  The  actual  test  does  produce- 
some  delay  in  the  peak,  but  not  five  or  six  cycles. 

It  depends  on  how  much  inertia  you  have  to  overcome, 
and  the  damping  of  the  system.  We  arc  trying  to 
achieve  the  buildup  of  resonance.  As  you  say,  there 
is  a  limitation  in  that  instead  of  producing  an  exact 
>.  imped  sinusoid,  sometimes  in  order  to  get  the  peak 
you  have  to  start  it  initially  with  one-  or  two  cycles 
of  a  lower  amplitude-  to  build  up  to  the  peak. 

Mr.  Scrr.ez  (IBM):  Your  picture  shows  hori- 
/ o nt al  tests.  Did  you  also  do  the  same  type  of  test 
in  the  vertical  direction? 

Mr.  Cerasuolo:  Y<  ,  we  have  done  it  in  all 
three  axes.  The  vertical  axis  is  much  more  im¬ 
pressive  but  unfortunately  I  did  not  bring  the  photo¬ 
graph  with  me. 


Mr.  Scrncz:  How  do  you  manage  the  one  inch 
maximum  travel  on  the  shaker  with  the  high  ampli¬ 
fication  of  the  specimen? 

Mr.  Cerasuolo:  Are  you  referring  to  the 
stability  of  the  system  in  the  vertical  mode? 

Mr.  Seme/:  Yes.  Do  you  use  a  dc  bias  to 
maintain  a  position? 

Mr.  Cerasuolo;  Oh,  I  see  what  you  mean.  ‘Ve 
do  relieve  the  mass  in  excess  of  1,000  pounds  on 
the  shaker  so  that  the  system  will  not  bottom  out. 

Mr.  Scrncz:  One  more  question.  You  indicate 
results  at  3  Hz.  Do  you  rale  your  vibration  system 
and  operate  the  exciter  at  3  Hz.  ? 

Mr.  Cerasuolo:  Yes,  we  do  operate  the  exciter 
at  3  Hz.  At  low  frequencies  one  can  not  use  the 
rated  output  as  an  actual  parameter  of  the  shaker. 

Mr.  Scrr.ez:  Do  you  actually  get  a  sinusoidal 
shape  out  of  the  shaker  at  3  Hz.  ? 

Mr.  Cerasuolo:  Yes,  wc  do. 

Mr.  Jobe  (Bell  Labs):  This  may  be  an  unfair 
question.  Your  paper  was  directed  to  sine  testing. 
Wc  use  the  shaker  for  electrodynamic  shock  tests. 
Have  you  had  any  experience  or  have  you  used  this 
as  an  amplifier  in  order  to  be  able  to  get  more  shock 
output  from  a  shaker  of  this  nature? 

Mr,  Cerasuolo:  It  will  not  work.  Do  you  mean 
for  something  like  a  pyrotechnic  shock  or  a  single 
sinusoid  pulse  type  test? 

Mr.  Jobe:  Pyrotechnic  shock  is  what  I  meant. 

Mr,  Cerasuolo:  Wc  could  reproduce  a  dc  pulse 
type  test  but  a  pyrotechnic  shock— which  is  in 
essence  an  oscillatory  transient— can  not  be 
handled  by  this  because  it  is  essentially  alow  fre¬ 
quency  system  and  it  just  will  not  respond. 
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ARTILLERY  SIMULATOR 
FOR  FUZE  EVALUATION 


H.  D.  Curchack 
Harry  Diamond  Laboratories 
Washington,  D.  C. 

A  unique  facility  for  fuze  testing  has  been  constructed 
that  simultaneously  provides  linear  and  angular  accelerations 
as  they  a v*  applied  in  rifled  artillery.  The  fuze  is 
electrically  interrogated  during  this  time  and  subsequently 
while  the  angular  velocity  is  maintained.  This  second 
report  on  the  simulator  describes  the  progress  made  in 
four  years  and  the  work  still  to  be  done.  A  description 
of  the  device  and  status  of  the  major  components  is  followed 
by  evidence  cf  the  correspondence  of  test  conditions 
with  those  of  field  firings,  a  discussion  of  instrumentation, 
a  description  of  table-top  simulators,  and  discussion 
of  the  advantages  of  the  present  technique  and  areas 
for  future  development. 


INTRODUCTION 

Centrifuges,  spinners,  gas  guns, 
actuators  and  rocket  sleds  have  been 
constructed  for  laboratory  simulation 
of  the  forces  experienced  by  fuzes 
or  fuze  components  when  launched  or 
fired.  Of  these,  gas  guns  and  spinners 
are  frequently  used  by  engineers  con¬ 
cerned  with  the  environment  experienced 
by  such  spinning  artillery  fuzes  as 
may  be  fired  from  howitzers,  recoilless 
rifles,  or  certain  mortars.  In  one 
gas -gun  technique,  the  fuze  is  slowly 
accelerated  to  a  predetermined  velocity 
and  then  decelerated  by  impact  with 
a  known  target.  This  rapid  deceleration 
simulates  the  setback  of  the  field 
fired  projectile.  The  main  advantages 
of  this  technique  are  that  the  fuze 
is  immediately  available  for  inspection 
and  the  cost  and  problems  associated 
with  recovery  in  the  field  are  elimi¬ 
nated.  In  spinners  the  fuzes  are  ro¬ 
tated  at  the  angular  velocity  appropri¬ 
ate  to  the  weapon,  and  optical  or  elec¬ 
trical  observations  are  made  of  perform¬ 
ance.  Some  spinners  use  low  inertia 
or  other  means  to  duplicate  the  angular 
accelerations  experienced  in  the  field. 

This  paper  describes  a  unique 
facility  called  the  Artillery  Simulator 
which  unites  the  features  of  the  gas 
gun  and  the  low  inertia  spinner  so 
that  setback  and  spin  acceleration 


occur  simultaneously.  Although  a 
description  of  this  device  has  been 
previously  published  [1,2],  it  is 
repeated  here  because  circulation 
of  these  documents  was  limited  and 
the  description  is  necessary  to  under¬ 
stand  this  paper.  However,  all  the 
results  are  new  and  some  new  equipment 
is  described  herein.  Also  described 
are  automatic  testers  for  production¬ 
line  evaluation  of  fuze  components 
employing  the  techniques  developed 
[3,4]. 

THE  CONCEPT 

A  system  is  desired  that  simulta¬ 
neously  applies  linear  and  angular 
accelerations  to  a  fuze  or  fuze  compo¬ 
nent  as  is  done  to  projectiles  fired 
from  rifled  barrels.  The  angular 
velocity  achieved  is  maintained,  as 
in  the  case  of  a  projectile  in  flight, 
and  the  performance  of  the  component 
is  electrically  monitored  for  a  period 
representing  the  flight  time.  Our 
approach  is  as  follows. 

A  hollow  cylindrical  tube  is 
rotated  about  its  longitudinal  .axis 
at  a  desired  angular  velocity.  A  pro¬ 
jectile  (which  we  shall  call  "bird" 
to  distinguish  it  from  the  actual 
projectile  used  in  the  field)  enters 
the  tube  at  a  given  linear  velocity. 
Within  the  tube,  the  bird  is  linearly 
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decelerated  while  being  angularly  accel¬ 
erated  until  it  has  stopped  linearly 
and  has  acquired  the  angular  velocity 
of  the  spinning  tube.  Furthermore, 
at  sone  time  during  this  process  an 
electrical  circuit  is  completed  that 
allows  continuous  monitoring  of  the 
fuzing  component  within  the  bird. 

Although  interdependent,  the  prob¬ 
lems  associated  with  this  approach 
are  readily  enumerated  and  must  be 
properly  resolved.  It  is  necessary 
to  provide: 

(1)  The  requisite  linear  velocity 
to  the  bird  without  disturbing  the 
fuze  component.  (Gas  gun) 

(2)  A  tube,  of  bore  sufficient 
for  testing  fuze  components,  that 

can  rotate  at  a  representative  angular 
velocity.  (Spinner  or  Spin-catcher) 

(3)  A  stopping  mechanism  to 
decelerate  the  bird  properly  while 
minimizing  the  forces  transmitted 
to  the  bearings  (Mitigator-Momentum 
Exchange) 

(4)  Electrical  circuits  from 

the  bird  to  the  spinning  tube  to  remote 
instrumentation.  (Readout) 

THE  GAS  GUN 

A  method  of  setback  simulation 
often  used  at  Harry  Diamond  Laboratories 
is  to  first  accelerate  a  bird  in  a 
96  ft  gun  and  then  stop  it  within 
a  few  inches  in  a  target  of  lead  blocks 
[5,6].  The  velocity  attained  in  the 
gun  is  chosen  so  that  the  peak  decel¬ 
eration  on  impact  as  recorded  by  a 
copper  ball  accelerometer  [7,8,9] 
is  comparable  with  typical  field  condi¬ 
tions.  This  facility  has  proved  its 
usefulness  in  the  development  of  many 
electromechanical  fuzing  systems, 
because  the  fuze  designer  has  a  readily 
available  test  that  his  fuze  has  to 
survive  before  satisfactory  field 
performance  can  be  expected. 

If  we  assume  our  simulated  accel¬ 
eration  (impact  acceleration)  to  have 
an  average,  a,  then  the  velocity,  v, 
to  produce  3  given  a  in  the  stopping 
distance,  s,  is  approximately 

v  =  /2a T  (1) 

This  is  the  velocity  we  need 
to  attain  in  the  gas-gun  in  terms 
of  simulation  parameters  a  and  s. 

Assume  that  the  velocities  of  interest 
can  be  obtained  in  an  almost  constant 
acceleration  gun,  therefore 


v  ■  /2AL  (2) 

where  A  is  the  acceleration  and  L 
is  the  length  of  the  gas-gun.  Since, 
as  previously  stated,  the  gun  force 
or  acceleration  is  to  be  small  compared 
with  the  stopping  force  or  simulated 
acceleration. 

s/L  =  A/a  <<1  (3) 

For  ideal  simulation  of  field  condi¬ 
tions,  the  bird  containing  the  fuze 
component  should  be  stopped  in  a 
distance  equivalent  to  the  length 
of  the  field  artillery  piece  from 
which  the  component  is  fired.  If 
the  artillery  barrel  is  10  ft,  e  should 
be  approximately  10  ft  and  from  previ¬ 
ous  consideration  L  should  be  greater 
than  500  ft.  The  available  space 
limited  our  gas  gun  to  an  L  of  30  ft 
which  reduced  s  to  about  6  in.  and 
limits  v  to  /a  where  a  is  in  ft/sec2 
and  v  is  in  ft/sec.  For  a  maximum  a 
of  10,000  g  (320,000  ft/sec2),  v  is 
less  than  600  ft/sec,  which  is  easily 
attainable  in  gas  guns. 

The  bore  of  the  gun  was  chosen 
to  be  2  in.  because  this  is  large  enough 
to  accommodate  many  fuzing  components 
yet  small  enough  to  allow  for  an  easily 
constructeJ  rotating  catch  tube. 

The  original  gun  had  a  barrel 
constructed  from  two  buttwelded  steel 
tubes  with  1/4  in.  walls.  This  was 
replaced  in  1969  with  a  honed  stainless 
steel  barrel.  The  driver  is  a  converted 
3.2ft3  air  storage  tank.  The  bird 
is  generally  a  right  circular  cylinder 
4  in.  long  and  weighs  between  1  and 
2  lb.  The  bird  is  inserted  into  the 
end  of  the  gun  up  to  a  pin  that  pro¬ 
trudes  into  the  tube.  A  mylar  dia¬ 
phragm  is  placed  over  the  muzzle  of 
the  gun,  and  the  barrel  is  evacuated. 

The  bird,  diaphragm,  and  pin  are  sealed 
with  0-rings.  The  gun  can  be  fired 
in  either  of  two  ways.  The  pin  may 
be  pulled  without  attaching  the  driver 
to  the  gun.  In  this  case  the  14.7 
psi  atmospheric  air  pressure  propels 
the  bird.  Furthermore,  there  is  effec¬ 
tively  no  pressure  difference  across 
the  bird  as  it  leaves  the  gun  which, 
as  will  be  seen,  is  a  distinct  advan¬ 
tage.  The  second  method  involves  at¬ 
taching  the  driver  to  the  barrel, 
evacuating  this  tank  through  ar.  auxil¬ 
iary  vacuum  system,  pressurizing  it 
with  the  proper  amount  of  helium  gas, 
and  then  pulling  the  pin.  Helium  is 
used  because  its  light  molecular  weight 
makes  it  more  efficient  than  air  and 
it  is  safer  than  the  most  efficient 
gas,  hydrogen.  Although  there  has 
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been  no  need  and  therefore  no  effort 
to  obtain  velocities  higher  than  600 
ft/sec,  a  velocity  of  2S00  ft/sec 
with  a  1-lb  bird  is  a  conservative 
upper  limit  for  the  gun. 

The  construction  features  of 
the  gun  that  are  most  important  so 
far  as  ease  of  operation  and  assurance 
of  performance  are  embodied  in  three 
assemblies  (1)  the  breech  and  release 
mechanism,  (2)  the  gun  barrel  and 
(3)  the  muzzle  (diaphragm  and  vacuum 
section) . 

The  breech  section  is  an  extension 
of  the  gun  barrel  containing  a  release 
pin  and  various  vacuum  seals.  The 
bird  is  loaded  into  the  breech  simply 
by  inserting  it  into  the  (effective) 

»nd  of  the  gun.  Since  S91  of  the 
shots  fired  do  not  use  the  driver 
tank,  this  is  all  that  is  required 
to  :,load"  the  gun.  After  the  gun 
has  been  evacuated,  an  electrically 
controlled  pneumatic  cylinder  withdraws 
the  O.S-in.  diameter  steel  release 
pin,  which  fires  the  bird. 

The  driver  tank  is  used  simply 
by  rolling  it  forward  and  attaching 
it  with  fast-acting  clamps.  This 
speed  of  operation  is  important  in 
certain  extreme  temperature  and  telem¬ 
etry  testing  and  will  be  further  dis¬ 
cussed. 

The  gun  barrel  bore  was  trepanned 
from  two  17-ft  stainless  steel  bars 
that  were  subsequently  turned  down 
to  4- in.  O.D.  The  bore  of  each  section 
was  then  honed  to  2.013  in.  over  its 
entire  length.  This  type  of  fabrica¬ 
tion  was  used  to  maintain  dimensions 
over  the  extended  lengths,  and  the 
heavy  wall  prevents  kinking  and  allows 
the  gun  to  be  aligned  over  its  entire 
length  (using  optical  techniques) 
to  a  few  thousandths  of  an  inch.  The 
ends  of  the  section  were  machined 
to  mate  with  each  other  and  the  breech 
and  muzzle  section  resulting  in  a 
gun  about  33  ft  long. 

The  vacuum  section  (Fig.  1)  is 
located  at  the  muzzle  end  of  the  gun 
and  contains  an  oversized  inside  diam¬ 
eter  for  about  one  inch  from  the  gun 
exit.  The  purpose  of  this  "reservoir” 
is  to  provide  a  volume  for  aiy  gas 
(that  may  either  be  in  the  gun  prior 
to  firing  or  may  blow  by  the  projectile) 
to  fill  without  undue  buildup  of  pres¬ 
sure.  This  is  done  to  get  maximum 
performance  of  the  gun.  The  vacuum 
system  attaches  to  the  gun  at  this 
section . 


The  0.001- in.  mylar  diaphragm 
material  is  obtained  on  200  ft  roils, 

4  in.  wide.  It  is  pulled  down  from 
a  reel  across  the  muzzle  of  the  gun 
and  is  clamped  to  the  vacuum  section 
by  a  door  and  a  latch. 

SPINNER 

For  proper  simulation  the  spinner 
(spin-catcher)  must  rotate  the  bird 
about  its  longitudinal  axis,  and  there¬ 
fore  the  bird  must  be  a  reasonably 
close  fit  to  the  bore  of  the  tube. 

For  this  reason  a  3-ft  section  of 
the  same  steel  tubing  used  for  the 
gun  barrel  was  chosen  for  the  first 
tube.  The  outside  of  the  tube  was 
then  machined  to  be  concentric  with 
the  inside,  a  ball  bearing  was  mounted 
at  each  end,  and  a  sheave  as  provided 
for  a  single  v-bclt. 

This  assembly  was  then  mounted 
(by  the  bearings)  on  a  heavy  steel 
platform,  and  a  variable  speed  motor 
was  provided  to  impart  a  drive  for 
the  tube.  The  complete  spin -catcher 
was  installed  about  14  in.  from  the 
muzzle  of  the  gas  gun.  Aligning  was 
accomplished  with  a  specially  machined 
tube  that  fit  closely  within  the  gur. 
and  spin-catcher  tube.  The  current 
spin-catch  tube  is  considerably  more 
complex  than  this  tube  but  only  in 
detail . 


fir.  1.  of  gun. 
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The  two  major  considerations 
for  the  location  of  the  spin-catcher 
were  that  the  device  be  close  enough 
to  the  muzzle  so  that  the  bird  would 
enter  without  hitting  the  tube  wall, 
yet  far  enough  so  that  the  driver 
gas  is  adequately  vented  and  does 
not  continue  to  push  the  bird  within 
the  spin-catch  tube.  A  set  of  curves 
showing  the  drop  distance  due  to  grav¬ 
ity  as  a  function  of  horizontal  free 
travel  distance  and  horizontal  veloc¬ 
ity  [1]  revealed  that  for  an  arbitrary 
minimum  velocity  of  200  ft/sec,  there 
would  be  a  drop  of  9.00S  in.  in 
a  distance  of  1  ft. 

THE  METHOD  OF  STOPPING  (MITIGATED- 
MOMENTUM  EXCHANCE) 

The  conventional  HDL  air  gun  tech¬ 
nique  of  stopping  the  projectile  uses 
lead  blocks  stacked  in  a  massive  steel 
chamber  rigidly  attached  to  a  concrete 
floor.  This  brute-force  method  is 
of  no  use  in  the  spin-catcher.  If 
the  catch  tube  is  filled  with  lead 
and  sealed  so  that  the  lead  cannot 
come  out  the  far  end,  the  entire  momen¬ 
tum  impulse  will  have  to  be  borne 
by  the  bearings.  Such  thrust  forces 
would  lie  intolerable.  Rather  than 
build  th.ust  bearings  into  the  device 
(which  might  be  of  doubtful  utility 
for  high  impulses  and  would  undoubt¬ 
edly  decrease  the  upper  rotational 
limit  of  the  tube)  it  was  decided  to 
use  s  momentum  transfer  system. 

If  an  elastic  impact  occurs  between 
two  identical  masses  in  which  initially 
one  mass  is  moving  and  the  other  is 
at  rest,  the  result  is  that  the  moving 
mass  stops  while  the  other  mass  leaves 
with  the  initial  velocity.  (Such  an 
impact  is  often  demonstrated  on  the 
billiard  table.)  There  is  no  expecta¬ 
tion  that  at  gas -gun  velocities,  we 
will  have  elastic  impacts,  but  by  the 
proper  choice  of  masses  and  degrees 
of  inelasticity,  the  bird  can  always 
be  brought  to  rest  within  the  spin- 
catcher  while  transferring  its  momentum 
to  a  mass  that  is  ejected  and  eventually 
stopped  by  lead  blocks. 

To  catch  the  bird  in  these  inelas¬ 
tic  impacts,  it  is  n  icessary  to  devise 
an  effective  way  to  absorb  the  energy 
not  carried  off  by  the  momentum  exchange 
mass,  or  "mem",  and  to  produce  the 
simulated  acceleration.  Currently, 
we  use  cither  a  column  of  plywood 
blocks  or  other  mitigators  [10,11] 
as  an  intermediary  between  the  bird 
and  the  mem  with  very  effective  results. 
About  3C00  birds  have  been  caught 
successfully. 


After  the  bird  is  caught,  it 
is  held  by  friction  only  within  the 
spin-catcher.  Therefore,  if  the  driver 
gas  does  not  readily  expand  and  dissi¬ 
pate  between  the  muzzle  and  the  spin- 
catcher,  it  will  blow  the  bird  through 
the  tube.  This  explains  the  desirabili¬ 
ty  of  keeping  as  low  a  pressure  as 
possible  within  the  gun.  If  the  range 
of  velocities  is  to  extend  upward 
so  that  gas  at  higher  pressures  is 
used,  the  spin-catcher  will  undoubtedly 
have  to  be  moved  further  from  the 
n';j2le. 

THE  READOUT  SYSTEM 

To  demonstrate  the  feasibility 
of  the  spin-catch  method,  the  first 
100  shots  were  made  in  a  catcher  with 
no  readout  capability.  A  simple  read¬ 
out  system  was  then  designed  to  extend 
the  system  development.  This  required 
construction  of  a  second  spin-catcher 
and  modification  of  the  bird.  The 
idea  behind  the  readout  is  to  split 
the  spin-catch  tube  longitudinally 
into  two  or  more  sections,  each  insula¬ 
ted  electrically  from  the  other  and 
each  connected  to  its  own  slip  ring 
(Fig.  2)  and  external  brush  assemblies. 

The  bird  (Fig.  3)  is  insulated 
to  preclude  its  forming  any  electrical 
path  between  sections  and  carries 
on  it  the  same  number  of  contacts 
as  there  are  segments  in  the  catcher. 
These  contacts  are  allowed  limited 
outward  motion  and  are  activated  by 
centrifugal,  spring  or  setback  forces. 

As  soon  as  the  bird  enters  the 
spin-catcher  and  starts  rotating  or 
decelerating,  the  contacts  move  outward 
radially,  each  contacting  a  single 
section.  If  the  bird  does  not  achieve 
the  tube’s  angular  velocity  immediately, 
there  is  relative  motion  across  the 
sections  so  that  each  channel  of  inform¬ 
ation  is  retarded  one  step  for  each 
section  traversed.  The  main  advan¬ 
tage  of  such  a  design  is  that  it  is 
insensitive  to  the  longitudinal  location 
of  the  bird,  assuring  readout  as  long 
as  the  bird  is  caught. 

The  present  readout  spinner 
(Fig.  4)  is  constructed  of  four  stain¬ 
less  steel  readout  sections  assembled 
with  bakelite  insulators.  The  readout 
section  length  is  32-in.  and  the  over¬ 
all  length  is  40-in.  The  slip  rings 
are  coin  silver,  and  three  carbon 
brushes  are  mounted  in  parallel  on 
each  slip  ring.  Conventional  ball 
bearings  that  are  oil-mist  lubricated 
are  used.  The  spinner  is  honed  to 
2.013  in  I.D. 
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The  top  test  speed  used  with 
this  spinner  is  130  rps.  Above  this 
speed,  flexing  causes  considerable 
runout  of  the  middle  of  the  tube  and 
excessive  vibration.  Although  the 
tube  has  been  dynamical ly  balanced, 
the  construction  features  do  not  allow 
sufficient  rigidity  for  balance  to 
be  maintained.  The  dangers  in  using 
the  equipment  are  the  noise  generated 
on  firing,  and  the  spinning  mem  which 
at  higher  spinner  speeds  sometimes 
ricochets  out  of  its  catch  box.  For 
this  reason  the  spinner,  muzzle  of 
the  gun,  and  mem  catch  box  are  in 
a  reinforced  concrete  room. 

FIRING  PROCEDURES 

The  actual  firing  procedure  is 
as  follows.  The  test  conditions, 

"G",  spin  and  impact  velocity  are 
established.  This  determines  the  type 
of  mitigator  and  mem.  These  are  posi¬ 
tioned  within  the  spinner  close  to 
the  bird  entrance.  New  diaphragm 
material  is  placed  in  the  diaphragm 
section,  the  bird  is  inserted  into 
the  breech,  the  valve  connecting  the 
vacuum  system  to  the  gun  is  opened, 

(if  the  driver  tank  is  to  be  used 
it  is  attached,  evacuated  and  pressur¬ 
ized)  the  spinner  is  turned  on  and 
the  release  pin  is  withdrawn.  The 
spinner  is  run  for  as  long  as  necessary 
following  impact.  From  the  time  the 
bird  is  inserted  into  the  breech  until 
it  is  fired  is  about  one  minute.  For 
temperature  conditioned  birds,  this 
time  is  decreased  by  inserting  a 
separate  nose  piece  into  the  breech 
and  then  attaching  the  remainder  of 
the  bird  after  the  gun  barrel  is  evac¬ 
uated.  After  the  shot  the  spinner 
is  stopped  and  the  bird  and  mitigator 
are  pushed  out  of  the  spinner.  The 
data  recorded  includes  all  masses, 
bird  and  mem  velocity  and  mitigator 
type  and  change  in  length. 

GAS  GUN  PERFORMANCE 

We  define  a  perfect  gun  as  one 
in  which  the  acceleration  is  constant, 
since  this  would  be  the  gun  with  the 
lowest  peak  acceleration  for  any  given 
length  gun  and  muzzle  velocity.  Looked 
at  in  a  slightly  different  way,  this 
is  the  shortest  gun  possible  for  a 
given  peak  acceleration' and  muzzle 
velocity.  In  the  design  of  a  facility, 
the  length  of  the  gun  needed  is  an 
important  consideration  in  cost  as 
well  as  space.  Therefore,  we  define 
the  efficiency  of  the  gun,  R,  to  be 
equal  to  the  ratio  of  actual  muzzle 
velocity  to  ideal  velocity,  i.e.  veloc¬ 
ity  attained  in  a  perfect,  gun.  Reference 


i,  Appendix  B  contains  predictions 
of  gas -gun  velocities  and  bounds  for 
the  theoretical  efficiency.  The 
efficiency  is  a  function  of  dimension¬ 
less  velocity  u  *  v/c  (where  c  is 
the  sound  speed  of  the  gas  used  in 
the  gun)  and  the  specific  heat  ratio,  |. 

A  constant  diameter  gun  [12] 
is  one  in  which  the  gun  diameter  is 
maintained  both  upstream  and  downstream 
of  the  bird  for  effectively  infinite 
lengths.  The  theoretical  properties 
of  such  guns  are  expressible  in  closed 
form  and  therefore  provide  insight 
and  a  basis  for  qualitative  decisions. 
Oversized  reservoir  guns  [13-16]  are 
somewhat  more  efficient.  Ideally, 
the  maximum  values  of  u  would  be  3 
and  S  for  T’s  of  S/3  and  7/5.  Practi¬ 
cally,  however,  the  efficiency  R  is 
down  to  0.1  at  u's  of  l.S  and  1.9. 

This  implies  that  a  gun  at  least  10 
times  longer  or  with  10  times  the 
acceleration  of  the  ideal  gun  would 
be  needed  to  achieve  these  velocities. 

It  therefoie  appears  most  attractive 
to  concentrate  on  guns  with  as  small 
a  value  of  u  as  possible  and  impose 
a  practical  limit  on  u  of  about  1. 

An  infinite  chambrage  gun  [14,16] 
is  one  in  which  the  diameter  of  the 
gun  in  the  pressure  chamber  is  very 
large  compared  with  the  barrel  diameter. 
Our  guns  when  evacuated  and  driven 
by  room  air  would  be  considered  infi¬ 
nite  chambrage.  When  the  tank  is 
used  the  chambrage  is  about  6.  The 
constant  diameter  gun  has  a  chambrage 
of  unity. 

Two  assumptions  implicit  in  the 
derivation  of  the  performance  of  the 
guns  are  that  friction  does  not  slow 
the  bird  nor  does  any  gas  blow  by 
the  bird.  In  our  initial  tests  one 
or  two  0-rings  were  used  on  the  projec¬ 
tile  to  serve  as  a  vacuum  seal  and 
to  minimize  blowby.  The  velocity 
when  two  0-rings  were  used  indicated 
lower  efficiency  than  expected  while 
one  0-ring  results  were  only  slightly 
more  efficient.  Furthermore,  the  veloc¬ 
ity  changed  with  the  type  of  0-ring 
used  as  well  as  with  the  different 
0-rings  of  the  same  lot.  For  this 
reason  the  0-ring  was  transferred 
from  the  bird  to  the  gun,  and  the 
bird  and  gun  diameters  were  critically 
controlled  to  reduce  blowby.  Results 
with  this  system  with  an  air  driver 
gas,  infinite  chambrage,  and  a  honed 
barrel  yield  efficiencies  within  2t 
of  theoretical  up  to  velocities  of 
350  ft/sec  [17]. 
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Fig.  5.  Plywood  and  aluminum  honeycomb  mitigators  before  and  after  impact. 


SPIN  CATCHER  PERFORMANCE 

The  first  spin-catcher  with  read¬ 
out  had  two  segments  and  performed 
well  It  was  used  in  over  2000  tests 
with  no  apparent  deterioration  of 
bearings  or  brushes.  This  is  even 
more  noteworthy  since  several  bad 
impacts  occurred  immediately  after 
changing  over  to  this  catcher.  Bad 
impacts  may  occur  for  a  number  of 
reasons.  The  most  damaging  is  caused 
by  a  misalignment  between  gun  and 
catcher.  Unless  alignment  is  adjusted 
periodically  a  bird  or  the  catcher 
can  be  considerably  deformed  by  the 
impact.  Reasonable  caution  avoids 


this.  However,  a  more  usual  cause 
of  improper  bird  entry  to  the  spinner 
can  be  traced  to  a  slight  rotation 
of  the  bird  which  is  caused  by  asym¬ 
metric  diaphragm  failure.  This  type 
of  defect  is  minimiied  if  the  bird 
is  long  enough  so  that  its  trailing 
edge  is  still  guided  by  the  gun  barrel 
during  diaphragm  penetration.  However 
we  still  have  some  engagement  of  the 
leading  edge  with  the  spinner  wall 
even  with  considerable  care.  For  this 
reason  a  conical  teflon  entrance  piece 
is  used  as  a  guide  at  the  adit  to  the 
spinner . 
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She*  stopping  scchaniss  has  per- 
fo rw<-4  very  satisfactorily  in  that 
very  little  data  have  been  lost  due 
to  the  bird  bouncing  back  out  or  going 
through  the  catcher.  However,  how 
well  we  are  simulating  artillery  firing 
requires  investigation  of  the  1  inear 
and  angular  accelerations. 

An  analysis  of  linear  momentum 
and  energy  conservation  equations 
applied  to  this  impact  problem  (1] 
led  to  the  conclusion  that  the  plywood 
impacts  could  be  considered  completely 
inelastic.  This  leads  to  the  conclu¬ 
sion  that  the  bird  velocity  never 
goes  to  zero  and  we  cannot  stop  it. 
Actual  experience  has  shown  however 
that  to  bring  the  bird  to  rest  a  mem 
of  about  six  times  the  mass  of  the 
bird  is  required  for  wood  impacts 
and  ten  times  the  mass  o 6  the  bird 
is  required  for  aluminum  honeycomb 
(standard  or  tabular  type).  Figure 
S  shows  wood  and  honeycomb  mi  tig?,  tors 
before  and  after  impact. 

Conservation  equations  reveal 
that  for  an  impact  in  which  the  bird 
««  brought  to  rest 

Ej/Eq  -  1  •  (m/M)  (*) 

where  EL  is  the  energy  absorbed  during 
impact 

Eq  is  the  maximum  energy  that 
cauld  be  absorbed 

»  is  the  bird  mass 
M  is  the  litigator  and  mem  mass 
combined 

However  (from  [1]) 

E./Em  -  1  -  *-2  (Si 

«  ■  ./»  (6, 

where  t  is  the  coefficient  cf  restitu¬ 
tion  for  the  impact. 

Therefore  we  have  empirically  determined 
the  coefficient?  of  restitution  and 
fractional  energy  loss  to  fee  1/6  and 
.9?  for  wood  impacts  and  1/10  and 
.99  for  honevcomb  impacts. 

The  fact  that  °f  *s 

less  than  the  values  measured  previous¬ 
ly  (jl]p  36)  is  attributed  to  the 
fact  that  the  measured  mem  velocity 
in  these  experiments  is  too  low.  This 
is  because  the  mem  has  been  decelerated 
by  friction  while  traveling  through 
the  spinner  before  the  mem  velocity 
is  measured. 

CORRELATION  WITH  HELP  TESTS 


The  actual  deceleration  profile 
experienced  by  the  bird  has  not  ns 
yet  been  measured  in  these  experiments, 
however,  techniques  are  being  developed 
tc.  do  this  (See  INSTRUMENTATION  Sec¬ 
tion).  Values  calculated  from  impact 
velocity,  masses,  and  crush  of  the 
mitigator  (1,11]  have  been  the  primary 
data  output.  For  levels  up  to  S000 
0,  there  is  a  strong  correlation  between 
simulator  results  and  field  results 
on  certain  fuze  components.  There 
is  insufficient  data  at  higher  G  levels 
to  know  if  the  correlation  stilt  exists. 
In  the  field  the  higher  G’s  are  accompa¬ 
nied  by  spin  rates  currently  unobtain¬ 
able  in  our  equipment.  Most  testing 
in  our  equipment  is  at  the  lower  accel¬ 
erations. 

One  case  in  point  is  the  PSU5 
power  supply,  a  fuze  device  activated 
by  simultaneous  linear  and  angular 
accelerations  and  prolonged  spin. 

The  entire  power  supply  or  its  *mpule 
(the  container  that  stores  the  electro¬ 
lyte)  has  Hm  tested  in  its  various 
forms  in  lx.  shots  in  the  simulator 
since  its  development  began  in  late 
196S.  It  has  also  been  alternately 
tested  about  S30  tines  in  the  4.2 
mortar,  90  times  in  the  1S5  howitzer 
and  about  SO  times  in  each  of  the 
7S,  10S  and  17S  howitzers.  Whenever 
the  field  Conditions  were  comparable 
to  simulator  test  conditions,  the 
results  were  remarkably  similar. 

The  cost  of  the  $17  simulator 
shots  many  of  which  included  readout 
in  excess  of  S  minutes  was  less  than 
$10,000  (about  $19  per  snot).  The 
cost  of  the  equivalent  field  tests 
cannot  be  estimated  because  some  of 
the  simulator  tests  are  not  achievable 
in  the  field.  This  is  discussed  further 
in  the  ADVANTAGES  Section. 

Outside  of  the  correlation 
between  field  and  sinulator  data  for 
the  power  supply  discussed  in  the 
previous  section,  quantitive  angular 
acceleration  reasurements  are  only 
now  being  nade.  The  results  to  date 
are  fragmentary  and  will  be  the  subject 
of  a  future  report.  However,  the 
proposed  measurement  techniques  are 
described  in  the  INSTRUMENTATION 
Section. 

HARD-H'IRE  READOUT  PERFORMANCE 

Tests  run  on  the  spinner  which 
involve  readout  have  involved  fuze 
power  supplies  of  various  types. 
Generally  these  tests  have  been  at 
about  50  rps  and  good  low-noise 
traces  have  been  recorded.  Figure  6 
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TELEMETRY 


is  a  typical  readout  of  aa  experimental 
power  supply.  Trace  A  is  t(ie  signal 
channel;  trace  B,  the  noise  channel. 

The  calibrations  for  this  shot  are 
IS  volts  per  major  division  for  the 
A  trace  aid  0.2  volts  per  major  divi¬ 
sion  for  the  B  trace.  The  time  base 
is  2  seconds  per  major  division. 

A  zeto-time  signal  appears  on  traces 
A  and  B  as  the  bird  enters  the  spinner. 
The  power  supply  is  automatically 
electrically  loaded  after  6  seconds 
and  unloaded  after  10  seconds.  This 
appears  as-a  slight  drop  in  voltage 
on  trace  A  and  as  spikes  on  trace 
B.  This  test  was  at  44  rps  and  I860 
G.  The  power  supply  temperature 
was  145*F.  There  is  some  expected 
noise  generated  during  power  supply 
activation  and  pay  he  ignored.  The 
noise  signal  contains  pover  supply 
noise  as  wall  as  brush  noise  from 
the  spinner.  The  total  noise  amplitude 
is  leas  than  40  millivolts  which  is. 
table  regardless  of  the  cause, 
rush  noise  does  increase  with 
spin  rate  and  is  sometimes  objectionable 
at  spins  over  100  rps.  Because -we 
want  to  extend  bur  spin  rate  te  over 
500  rps  and  also  because  good  contact 
between  the  bird  and  spinner  Is  not 
established  mtil  about  5-30  millisec 
after  impact,  a  hardened  telemetry 
system  has  been  developed  foT  readout. 

.  I  :  :  ’  . 
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Fig.  6.  Power  supply  readout.  Trace  A  is  the  signal  channel 
(10  volts  per  major  division).  Trace  B  is  the  noise 
channel  (0.2  volts  per  major  division).  The  time 
axis  is  2  seconds  per  major  division. 


The  240-MHz  telemeter  [18)  utilizes 
three  information  channels,  IRIG  A, 

C,  and  E.  An  exploded  view  of  the 
telemeter  projectile  (Fig.  7)  shows 
the  linen  base  phenolic  projectile, 
an  aluminum  radiation  shield,  trans¬ 
mitter,  a  signal  processor,  and  nickel- 
causiua  power  supply.  The  prime  purpose 
of  this  unit  was  to  investigate  power 
supply  performance  during  its  activation 
phase.  Under  certain  conditions  this  ~ 
critical  phase  nay  precede  the  estab¬ 
lishment  of  good  contact  for  hard 
wire  readout.  The  second  important 
consideration  is  that  the  brush  noise 
problem  is  circumvented. 

The  telemeter  is  turned  on  just 
before  firing.  Since  the  projectile 
"for  vacuum  firing'*  protrudes  from 
the  breech  a  dipole  antenna  at  the 
breech  allows  the  receiver  to  be  tuned 
to  the  broadcast  frequency.  A  second ~ 
antenna  in  parallel  with  the  breech 
antenna  is  wound  in  a  helix  around 
the  spinner.  (See  Fig  4}  The  trans¬ 
mitter  which  has  been  used  in  about 
30  shots  has  remained  locked  to  the 
receiver  durifig  every  test. 

INSTRUMENTATION 

Outside  of  vacuum  and  pressure 
measurements  which  are  Hade  in  a 
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routine  way,  nt><i  measurements  concern¬ 
ing  the  Jynatics  of  the  bird  have 
lei  to  Jiff icuitics  which  in  some 
casts  are  still  unresolved. 

Bird  Impact  Velocity  Measurements 

The  inpact  velocity  is  computed 
from  a  time  of  flight  neasurenent 
made  by  optical  detectors  spaced  twelve 
inches  apart  in  the  free  flight  region 
between  the  gun  exit  and  spinner  adit. 
Since  the  calculated  acceleration 
depends  upon  the  sqi  arc  of  this  measure¬ 
ment  (1),  it  is  important  that  it 
be  accurately  measured.  However  the 
bird  on  occasion  would  rip  out  a  piece 
of  diaphragm  which  may  trigger  one 
or  both  of  the  photocell  circuits 
producing  measurements  that  are  in 
error  by  as  much  as  ♦  51  in  a  system 
with  better  than  II  expected  accuracy. 
Therefore  many  erroneous  readings 
were  assumed  to  be  proper.  It  was 
not  until  occasional  velocity  neasure- 
ments  produced  gun  efficiencies  a 
few  percent  greater  than  expected 
from  theory  that  a  closer  look  revealed 
the  problem.  All  measurements  now 
aie  monitored  by  oscilloscope  in  such 


a  manner  as  to  reveal  when  the  trigger 
is  improper  and  how  much  the  time 
of  flight  must  be  corrected.  Bird 
velocity  measurements  now  for  "vacuum" 
operation  are  reproducible  to  better 
than  It  for  any  bird  and  atmospheric 
pressure.  (On  a  rainy,  low  pressure 
day,  the  birds  are  measurably  slower 
than  on  a  clear,  high  pressure  day.) 

Piezoelectric  Accelerometer 
Measurements 

Trailing  wire  techniques  have 
been  used  in  guns  as  long  as  100  ft 
at  the  Harry  Diamond  Laboratories 
to  make  impact  acceleration  measure¬ 
ments.  It  was  not  until  measurements 
were  made  in  short  vacuum  guns  [19,20] 
to  verify  predicted  impact  results 
that  discrepancies  were  again  noted. 

In  these  tests  the  wire  is  connected 
to  the  accelerometer  before,  during 
and  after  impact.  The  first  difficulty 
that  appeared  was  a  random  zero  shift 
of  the  terminal  base  line  sometimes 
positive,  sometimes  negative,  of  as 
much  as  301  of  the  pulse  amplitude 
(Fig.  8).  This  was  traced  to  overload¬ 
ing  of  the  shock  amplifier  by  high 


Fig.  8.  Accelerometer  signal.  Note 
marked  zero  shift  although  overload 
is  not  indicated.  (2S0  G/ca.,  2500- 
G  full  scale,  4  khz  Gaussian  low- 
pass  filter,  1-msec. /cm.) 

amplitude  spikes  that  did  not  appear 
in  the  output  signal.  Although  one 
manufacturer's  literature  discusses 
this,  their  overloading  does  drive 
the  signal  out  of  range.  One  way, 
to  prevent  the  zero  shift  is  to  operate 
the  shock  a^>lifier  on  a  much  less 
sensitive  range  where  there  is  no  danger 
of  overloading.  If  the  system  accuracy 
is  It  of  full  scale,  operating  on  a 
scale  that  is  10  times  larger  than 
the  signal  to  be  measured  immediately 
degrades  It  performance  to  lOt. 

A  second  difficulty  is  that  if 
we  believe  the  acceleration  calibration 
(as  checked  against  a  standard  acceler¬ 
ometer)  the  integral  of  the  acceleration 
pulse  consistently  produced  velocity 
changes  greater  than  actually  meas¬ 
ured  [20].  However,  if  we  assume  that 
we  should  recalibrate  our  accelerometers 
based  on  velocity  change  [21],  we  are 
not  able  to  reconcile  it  with  shaker 
table  calibrations.  Matters  are  even 
more  at  odds  if  we  compare  the  second 
integral  of  the  acceleration  pulse 
with  the  bird  travtj  distance  during 
impact.  In  this  case,  the  discrepancy 
is  even  greater.  However,  whereas 
signal  processing,  i.e.  electronic 
low  pass  filtering  will  not  change 
the  first  integral  of  a  pulse,  it  may 
change  the  second  integral. 

Therefore  to  eliminate  electronic 
filtering,  possible  effects  of  trans¬ 
verse  shock  excitation,  and  other 
sources  of  spikes,  we  have  recently 
undertaken  an  investigation  of  piezo¬ 
electric  accelerometers  incapsulated 
in  putty  as  suggested  by  NOL  [22]. 
Preliminary  results  have  shown  reduced 
noise,  but  whether  we  have  really  im¬ 


proved  ocr  measurements  is  yet  to  be 
determined. 

Photographic  Measurements 

A  photographic  technique  using 
a  high-speed  framing  camera  has  been 
devised  to  measure  linear  and  angular 
displacements  with  time.  From  these 
data,  velocity  and  acceleration  can 
be  computed.  In  this  technique,  a 
bird  (Fig.  9)  specially  designed  so 
lhat  its  tail  extends  out  of  the  spin¬ 
ner  during  impact,  was  photographed. 

A  high  speed  stroboscopic  unit  was 
slaved  to  the  camera  to  freeze  the 
projectile  motion  during  each  frame, 
to  eliz'nate  blur  due  ‘o  projectile 
motion.  The  resulting  film  was  read 
on  commercial  digitizing  equipment, 
and  the  punch  card  output,  processed 
by  computer.  Typical  results  are 
shown  in  Figures  10-14.  While  the 
linear  and  angular  displacement  profiles 
appear  very  smooth  (Fig.  10,11),  first 
difference  computations  yielding  veloci¬ 
ties  are  noisy  (Fig.  12,13).  The  linear 
acceleration  data  (Fig.  14}  is  noisier 
yet,  and  the  angular  acceleration  data 
is  too  noisy  to  plot.  Hie  main  diffi¬ 
culty  is  the  inability  to  locate  the 
lines  in  the  frame  accurately  and  pre¬ 
cisely  because  of  film  graininess  and 
reading-r.achine  inaccuracies  [23]. 

These  data  were  obtained  at  about 
6000  pps,  actually  0.177  msec  between 
frames.  At  this  film  speed,  a  0.001- 
in.  position  error  equals  about  100 
G.  If  the  framing  rate  is  slowed,  the 
data  is  smoothed  appreciably  because 
the  fractional  displacement  errors 
are  decreased  and  the  time  interval 
which  appears  in  the  denominator  in 
the  differencing  equations  is  increased. 
However,  this  is  done  at  the  expense 
of  time  resolution. 

he  are  still  attempting  to  develop 
this  technique  to  reduce  the  noise, 
and  we  are  getting  data  from  it.  One 
noteworthy  item  concerns  the  angular 
velocity.  The  acceleration  pulse  takes 
place  between  1  and  4  milliseconds 
(Fig.  14).  If  you  examine  the  angular 
velocity  curve  (Fig.  13),  the  bird 
goes  from  0  to  16  rps  in  this  time 
and  continues  to  increase,  but  at  a 
much  lower  rate  for  the  duration  of 
the  data.  The  actual  spinner  speed 
on  this  shot  was  50  rps.  Since  angular 
momentum  must  be  conserved  during  impact, 
anv  increase  of  bird  angular  velocity 
will  cause  some  decrease  of  mem  angular 
velocity.  But  this  does  not  account 
for  this  great  difference  in  velocities. 
Actually  the  torque  generated  in  the 
mitigator  (about  100  ft-lbl  is  suffi- 
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Fig.  12.  Linear  velocity  profile. 


Fig.  13.  Angular  velocity  profile. 


cient  to  cause  it  to  twist.  Note 
the  twist  in  the  crushed  honeycomb 
in  Fig.  5.  Therefore  those  mitigators 
with  the  highest  shear  strength  will 
not  only  produce  the  greatest  angular 
accelerations  but  will  also  produce 
a  higher  angular  velocity  during  impact. 
The  rate  at  which  the  bird  achieves 
the  velocity  of  the  spinner  after 
impact  depends  on  friction  and  clear¬ 
ance.  Generally  (although  not  on 
this  shot),  steel  pins  are  attached 
to  the  bird  nose.  These  pins  dig 
into  the  mitigator  which  then  remains 
attached  to  the  bird.  Since  the  crushed 
mitigator  is  a  tight  fit  in  the  spinner 
this  secondary  snin  acceleration  is 
increased. 

Optical  Angular  Displacement 
Transducer 

A  new  optical  device  being  devel¬ 
oped  for  angular  displacement  (velocity, 
acceleration)  measurements  operates 
as  follows  (Fig.  15):  A  small  retro- 
reflector  is  fitted  to  the  rear  of 
the  projectile.  The  retroreflector 
contains  two  lenses  and  a  reticle. 

The  reticle  pattern  consists  of  24 
alternate  transparent  and  reflecting 
sectors.  When  collimated  light  enters 
the  retroreflector,  a  focused  spot 
of  light  is  formed  on  the  reticle. 

Light  is  returned  only  when  the  focused 
spot  falls  on  a  reflecting  sector. 

Thus,  the  return  beam  is  amplitude- 


Fig.  ]4.  Linear  acceleration  profile. 
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modulated  at  a  frequency  directly 
proportional  to  the  spin  rate  of  the 
projectile. 

The  collimated  light  is  formed 
by  a  small  incandescent  lamp  and  a 
lens.  These  components  are  mounted 
in  the  sensor  box  along  with  a  beam 
splitter,  photodiode,  and  a  transistor 
amplifier.  The  sensor  box  is  mounted 
to  one  side  of  the  gun  muzzle,  and 
the  collimated  beam  illuminates  the 
projectile  as  it  enters  the  spin- 
catcher.  The  modulated  return  beam 
is  collected  by  the  sensor  box  lens. 

A  portion  of  this  light  is  diverted 
to  the  photodiode  by  the  beamsplitter. 


The  amplified  output  is  displayed  on 
a  raster-type  oscilloscope  together 
with  appropriate  timing  marks  to  obtain 
accurate  time  measurements  (Fig.  16). 
The  timing  marks  are  100-psec  apart 
with  every  tenth  timing  mark  accentu¬ 
ated.  During  this  test  the  retroreflec- 
tor  was  mounted  on  the  shaft  of  a  30- 
rps  motor.  One  revolution  of  the 
motor  shaft  corresponds  to  24  signal 
pulses. 

If  this  technique  should  prove 
useful,  its  use  can  be  extended  to 
the  field.  If  the  retroflector  (Fig. 
17)  (1-cm  diameter  by  2.3-cm  long) 
is  mounted  on  the  nose  of  a  projectile, 
readout  of  angular  position  data  can 
be  directly  related  to  linear  position 
data  (if  there  is  no  rifling  slip) 
Therefore,  the  device  can  be  used  as 
an  accelerometer  for  artillery  weapons. 

TABLE -TOP  TESTERS 

One  method  of  increasing  the  safety 
of  a  fuze  component  is  to  have  it 
activate  only  when  influenced  by  multi¬ 
ple  environments.  The  three  predictable 
environments  which  produce  the  greatest 
force  in  artillery  field  fuzes  are 
linear,  angular,  and  centrifugal  accel¬ 
erations.  New  fuze  components  which 
require  two  or  three  of  these  environ¬ 
ments  were  sometimes  difficult  to  test 
and  often  required  artificial  modifi¬ 
cation  to  determine  if  a  production 
run  was  acceptable.  For  this  reason, 
the  Artillery  Simulator  techniques 
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were  applied  to  "miniature"  testers 
to  deteraine  if  a  table  top  tester 
(Fig.  18)  capable  of  velocities  of 
100  ft/sec  could  reproduce  that  portion 
of  the  environment  necessary  for  deter 
■ining  activation  level*  and/or  perfor¬ 
mance  of  fuze  components. 

Two  fully  automated  testers  were 
developed  for  use  with  components 
for  a  particular  fuze  15,4);  however, 
their  utility  extends  to  other  com¬ 
ponents  as  well.  One  of  the  testers 
is  for  testing  safety-and-arming 
mechanisms  and  requires  acceleration, 
impact  velocity,  and  spin  rate  control 
to  determine  sensitivity.  The  mitigator 
used  is  aluminum  honeycomb,  which 
we  have  found  to  be  very  uniform, 
and  it  lends  itself  to  a  simple  acceler¬ 
ation  calibration  procedure  [20). 

In  operation  this  aevice  takes  about 
20  seconds  for  a  shot,  and  up  to  four 
temperature-conditioned  units  can 
be  tested  per  shot.  Test  rates  in 
excess  of  400  per  hour  are  readily 
achievable.  The  operating  cost  of 
the  unit  outside  of  operator  cost 
is  mainly  the  cost  of  the  honeycomb. 

All  the  operator  is  required  to  do 
is  remove  the  used  honeycomb  and  bird, 
insert  new  honeycomb,  change  the  dia¬ 
phragm,  insert  a  new  bird,  and  press 
a  button. 

The  second  class  of  tester  is 


for  power  supply  performance.  It  was 
desired  to  provide  sufficient  signature 
to  activate  the  device.  Absolute 
control  was  not  necessary  since  the 
rain  concern  was  with  the  electrical 
cnaracteristics  of  the  power  supply 
after  activation.  This  tester  required 
hard-wire  readout  and  the  running 
time  is  determined  by  the  life  of 
the  power  supply,  which  often  exceeds 
two  minutes.  Therefore  test  rates 
are  about  25  units  per  hour.  However, 
the  cost  of  the  honeycomb  as  well 
as  the  inconvenience  of  having  to 
use  a  new  piece  each  shot  has  been 
eliminated  by  the  development  of  a 
hydraulic  reusable  roitigator  mem  com¬ 
bination  (Fig.  19).  The  device  which 
is  akin  to  a  dashpot  or  shock  absorber 
is  unique  in  that  by  varying  the  den¬ 
sity  of  the  oil  used  or  the  contour 
of  one  piece,  acceleration  amplitude 
and  profile  can  be  controlled  [24], 
Aside  from  the  operator,  who  no  longer 
has  to  worry  about  honeycomb ,  the 
main  cost  of  the  operation  of  the 
power  supply  tester  is  for  diaphragm 
material.  Both  types  of  testers  have 
automatic  pumpdown,  spinner  control, 
firing,  mem  reloading,  and  projectile 
ejection. 

ADVANTAGES  OF  THE  ARTILLERY  SIMULATOR 
TECHNIQUE 

Ke  realize  that  we  cannot  hope 


to  reproduce  artillery  weapon  firing. 

We  can  do  things  for  the  fuze  designer, 
however,  which  in  some  cases  are  equiv¬ 
alent  or  superior. 

As  evidenced  by  correlation  with 
field  tests,  we  can  control  our  accel¬ 
eration  amplitude  up  to  5000  G  quite 
well.  Our  duntion  is  limited  so 
that  its  product  with  the  acceleration 
yields  a  velocity  of  less  than  600 
ft/sec.  This  coupled  with  spin  up 
to  130  rps  allows  excellent  simulation 
of  the  4.2  spin  mortar  and  some  of 
the  howitzers  when  fired  at  low  charge. 
Most  of  our  testing  concerns  fuzes 
that  must  perform  under  these  ’’minimum’' 
conditions,  which  we  can  effectively 
reproduce . 

We  can  monitor  (when  required) 
three  separate  channels  of  information 
via  hard  wire  within  30  millisec  after 
impact  or  via  telemetry  before,  during, 
and  after  impact.  We  can  reuse  our 
telemetry  unit  over  and  over  again. 

We  can  test  components  within 
minutes  after  they  are  removed  from 
their  temperature  bath. 

Recovery  is  1001  and  immediate. 
This  is  especially  important  when 
devices  malfunction.  For  example 
if  a  power  supply  gives  reduced  output, 
the  test  is  terminated,  and  an  immedi¬ 
ate  post  mortem  is  performed.  The 
cause  of  the  failure  which  is  usually 
chemical  in  nature  can  be  observed. 

By  the  time  the  shell  is  recovered 
in  a  field  test  the  chemistry  will 
have  gone  to  completion,  i.e.,  all 
possible  reactions  would  have  taken 
lace  and  the  reason  for  failure  would 
e  obscured. 

We  have  only  one  high  acceleration 
pulse.  To  examine  fuzes  after  firing 
in  a  field  test,  some  recovery  method 
must  be  utilized  to  recover  the  fuze 
for  inspection.  The  two  most  common 
methods,  vertical  recovery  and  para¬ 
chute  recovery,  both  involve  second 
acceleration  pulses.  The  round  impacts 
the  ground  in  vertical  recovery  and 
the  fuze  is  blown  out  of  the  round 
in  parachute  recovery.  These  secondary 
accelerations  may  lead  to  damage  or 
reactions  which  may  mask  the  reason 
recovery  was  required.  Since  we  have 
only  one  sizeable  acceleration,  no 
such  confusion  is  possible  in  the 
simulator  tests. 

The  simulator  has  a  low  operating 
cost,  simplicity,  and  speed  of  opera¬ 
tion.  The  cost  associated  with  equip¬ 
ment  use  is  from  $1  to  $15  per  shot 


depending  upon  the  nature  of  the  instru¬ 
mentation  required.  Because  the  equip¬ 
ment  is  very  simple  and  safe  to  operate, 
any  fuze  engineer  who  will  be  using 
the  equipment,  and  so  desires,  is 
instructed  in  the  operation  so  that 
he  can  run  his  own  tests.  This  allows 
us  more  effective  utilization  of  per¬ 
sonnel  since  the  fuze  engineer  usually 
is  an  observer  anyway.  Setup  time 
is  usually  about  15  minutes  but  will 
be  significantly  less  if  many  shots 
of  the  same  type  are  made.  Cost  of 
field  tests  when  recovery  and  telemetry 
are  involved  are  many  times  as  high. 

We  have  no  scheduling  problems. 
Because  of  the  rapidity  at  which  tests 
can  be  performed  we  have  never  had 
waiting  .lines.  We  are  not  at  the 
mercy  of  the  weather,  and  we  keep 
a  large  supply  of  mitigator  materials 
to  accommodate  our  users. 

The  table-top  tester  provides 
limited  but  often  useful  simulation. 

For  a  modest  investment  of  funds, 
depending  upon  the  instrumentation 
required,  a  table-top  tester  can  be 
built  that  is  very  simple  to  operate 
and  can  be  placed  anywhere  in  a  labo¬ 
ratory  where  3  x  10  feet  of  space 
is  available. 

ARKAS  FOR  FURTHER  DEVELOPMENT 

While  we  have  had  considerable 
success  with  our  present  facility, 
we  are  aware  of  several  deficiencies. 
Some  can  be  corrected  by  engineering 
redesign,  and  others  require  considera¬ 
ble  investigation. 

1.  Larger  Bore  Gun 

Most  fuzes  are  somewhat  over 
two  inches  in  diameter,  some  as  much 
as  five  inches,  therefore  a  larger 
bore  facility  would  add  considerably 
to  the  utility  of  the  device. 

2.  High  Speed  Spinner 

The  present  spinner  attains 
speeds  over  120  rps  but  this  is  only 
one  third  the  spin  needed  to  test 
fuzes  at  the  extreme  artillery  environ¬ 
ment.  Increased  bore  size  complicates 
this  problem  since  the  bearings  must 
be  larger  than  the  bore.  Another  problem 
is  the  effect  of  the  mitigator,  mem, 
and  bird  on  the  dynamic  balance  of 
the  spinner.  This  entire  problem 
is  currently  being  investigated,  and 
hopefully  will  result  first  in  a  table 
top  tester  capable  of  360  rps,  and, 
subsequently,  in  a  larger  version 
for  the  simulator. 
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5.  Extension  to  Howitzer 
Environments 

To  extend  the  facility  to 
larger  weapon  environments  we  Bust 
redesign  our  spin-catcher'  to  a  size 
that  is  somewhat  larger  than  the  barrel 
of  the  weapon  we  want  to  simulate  and 
we  must  provide  impact  velocities  com¬ 
parable  to  the  weapon  muzzle  velocity. 
Combined  with  the  requirement  that  the 
gas  gun  acceleration  must  be  small  com¬ 
pared  with  impact  deceleration  leads  to 
the  conclusion  that  a  much  larger  in¬ 
stallation  is  required.  Because  in 
gas  guns  velocity  efficiency  decreases 
with  velocity,  we  must  increase  the 
length  even  further.  Therefore,  for 
an  ability  to  fire  birds  at  1500  ft/sec 
at  moderately  low  accelerations  (200  G 
max)  a  gun,  250  ft  long,  using  a  helium 
driver,  will  be  required  (From  [1] 

Fig.  14).  An  air-driven  gun  would  be 
500  ft  long.  The  ideal  gun  need  only 
be  175  ft.  Such  an  installation  is 
impractical  at  our  Washington,  D.  C. 
Laboratories  and  a  suburban  location 
would  have  to  be  used. 

4.  Better  Simulation  Profiles 
As  our  instrumentation  tech- 
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niques  are  perfected,  we  will  be  able 
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of  linear  and  angular  acceleration 
profiles.  This  will  provide  us  with 
nitigator  performance  duta  which  we 
in  turn  will  use  to  tailor  the  profile. 
However,  actual  acceleration  time 
histories  for  many  weapons  do  not 
appear  in  the  literature.  The  best 
source  of  f.alculated  data  [25]  must 
be  our  guide. 

SUMMARY 

The  Artillery  Simulator  after 
four  years  of  continued  use  and  develop¬ 
ment  has  r  -en  to  be  a  very  effective, 
reliable,  inexpensive  simulator 
of  the  low  .  end  of  the  artillery 
environment.  Table  top  simulators 
and  this  simulator  are  being  used 
to  lest  fuze  components  in  production 
and  in  the  laboratory.  There  is  st.ill 
much  to  be  done  on  instrumentation 
and  in  extending  the  simulation  to 
higher  spin  rates  and  longer  accelera¬ 
tion  durations.  However,  these  problems 
are  being  attacked,  and,  hopefully, 
their  solution  will  permit  construction 
of  a  superior  facility. 
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DISCUSSION 


Mr.  Herring  (Honeywell  Ordnance):  What  was 
the  amplitude  scale  factor  for  the  acceleration  time- 
history  [dots  that  you  presented. 

Mr.  Curchack:  It  was  L.n.  Our  computer 
plotter  gives  figures  and  then  multiplies  by  ten. 


Mr.  Herring:  So  it  was  5600  g’a  7 

Mr.  Curchack:  It  was  roughly  5600  g'a  peak  at 
the  end.  We  have  tested  as  high  as  15,000  g’s  with 
spin.  Without  spin  we  have  gone  up  to  40,000  g’s 
hut  we  do  not  use  a  spin  catcher,  we  use  an  open 
impact  device. 
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GAS  SPRING  FIRING  AND  THE  SOFT  RECOVERY  OF  A 
HARD-WIRE  INSTRUMENTED  !5=»  .  PROJECTILE* 

By 

S.  L.  Fluent 

Heat,  Plasma,  Climatic,  Towers  Division, 

Sand  La  Laboratories,  Albuquerque,  New  Mexico 


This  paper  discusses  a  technique  used  in  testing  hard-wire  instrumented 
155  mm  projectiles.  An  18-inch  pneumatic  actuator  was  used  as  the 
energy  source  while  a  gas  spring  was  used  to  transmit  the  energy  to  the 
projectile  and  shape  the  longitudinal  acceleration  pulse.  The  projectile 
wa«  accelerated  through  a  short  section  of  rifled  gun  barrel  to  produce 
angular  acceleration  simultaneously  with  the  longitudinal  acceleration. 

The  proje'tile  was  stopped  it.  a  tapered  recovery  tube  which  was  free  to 
slide  on  a  set  of  rails.  This  soft  recovery  system  prevented  further 
damage  from  occurring  to  the  components  inside  the  projectile  after  ;he 
initial  acceleration  pulse.  A  discussion  on  field  testing  versus  gas  spring 
testing  is  also  presented. 


INTRODUCTION 

In  the  past  there  has  generally  been  but 
one  way  to  test  155  mm  shell  components  in 
an  environment  of  combined  longitudinal  and 
angular  acceleration.  This  method  has  beer, 
to  actually  fire  a  projectile  containing  the 
components  in  a  155  mm  gun.  The  actual 
firing  has  given  the  best  test  to  the  compo¬ 
nents  as  far  as  the  environment  is  concerned, 
but  there  have  been  some  drawbacks.  First, 
full-scale  field  testing  has  generally  been 
quite  expensive.  Second,  until  the  recent 
development  at  the  parachute  recovery  system, 
it  has  always  been  questionable  whether  or 
net  the  projectile  would  be  recovered  to  permit 
inspection  of  any  damage  that  might  have  oc¬ 
curred.  If  it  was  recovered,  it  was  difficult 
to  determine  whether  firing  or  impact  caused 
the  damage.  Another  drawback  has  been 
projectile  instrumentation.  Although  there 
have  been  attempts  to  use  hard-wire  instru¬ 
mentation  of  a  projectile  during  firing  most 
attempts  failed  while  others  were  only  partial¬ 
ly  successful.  P.  S.  Hughes  and 
L.  A.  Vagnoni  { 1  ]  at  the  Naval  Ordnance 
Laboratory  at  Silver  Spring,  Maryland, 


developed  a  method  to  monitor  the  leading 
edge  of  the  acceleration  pulse  associated  with 
a  5-inch  projectile.  Telemetry  also  has 
offered  a  possible  way  of  obtaining  instrumen¬ 
tation  data  from  the  projectile.  In  spite  of 
formidable  difficulties,  data  has  been  suc- 
c-.ssfully  transmitted  out  the  gun  barrel  during 
firing.  Most  of  the  data  gathered  in  inis 
manner  has  had  the  problems  of  high  frequen¬ 
cy  response  limitations. 

Because  of  the  foregoing  problems, 

Sandia  Laboratories  built  a  facility  that  would 
simulate  the  effects  of  a  portion  of  the  ac¬ 
celeration  conditions  associated  with  a  155 
mm  gun  firing;  namely,  the  setback  accelera¬ 
tion  which  included  both  the  longitudinal  and 
angular  acceleration  but  not  the  radial  ac¬ 
celeration.  No  attempt  was  made  to  simulate 
the  effects  of  radial  acceleration  with  the 
setback  conditions  because  in  an  actual  gun 
firing  the  maximum  longitudinal  acceleration 
and  the  maximum  radial  acceleration  do  not 
occur  simultaneousl;'.  Hard-wire  instrumen¬ 
tation  with  high  frequency  response  and  a 
soft  recovery  of  the  projectile  were  two  capa¬ 
bilities  that  were  designed  into  the  facility. 


This  work  was  supported  by  the  United  States  Atomic  Energy  Commission. 
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FAC1IJTY  DESIGN 


It  was  determined  at  the  outset  ttiat  simu¬ 
lation  at'  tie-  setback  acceleration  would  re¬ 
quire  a  large  amount  of  energy.  To  bypass 
the  expense,  time,  sod  effort  of  building  a 
completely  new  facility,  it  was  decided  to 
modify  an  existing  one.  The  one  chosen  was 
an  IB -inch  pneumatic  actuator  which  would 
deliver  approximately  a  half  million  foot¬ 
pounds  of  energy. 

The  18-inch  actuator  was  capable  of  gener¬ 
ating  velocity  changes  up  to  300  feet  per 
second,  but  the  corresponding  accelerations 
were  low  in  comparison  to  the  setback  accel¬ 
eration  of  the  155  mm  projectile.  Previous 
work  |2J.  however,  showed  that  with  the 
addition  of  a  gas  spring  to  the  actuator  higher 
velocity  changes  with  very  high  accelerations 
could  be  achieved.  A  diagram  of  the  gas 
spring  assembly  is  shown  in  Fig.  1.  To  pro¬ 
vide  a  column  of  gas  to  be  used  as  the  spring. 
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Fig.  1  -  Gas  Spring 

a  high-strength  steel  pressure  tube  was  fitted 
with  a  piston  at  one  end  and  a  short  section  of 
rifled  gun  barrel  with  a  projectile  pressed 
into  it  at  the  other  end.  This  left  a  column  of 
gas  in  he  middle  which  could  be  initially  pres¬ 
surize  1  to  provide  various  spring  characteris¬ 
tics.  The  rifled  section  served  two  purposes. 
The  r/sain  purpose  was  to  provide  the  projec¬ 
tile  v  ith  the  angular  acceleration  associated 
with  the  longitudinal  acceleration  in  an  actual 
gun  iring.  The  second  purpose  was  to  lock 
the  projectile  in  place  until  the  high  pressure 
was  built  up  in  the  gas  behind  it.  A  hydraulic 
press  was  used  to  pre-engage  the  projectile  so 
that  friction  alone  was  enough  to  hold  the  pro¬ 
jectile  in  place. 

In  this  application  the  thrust  column  of  the 
18-inch  actuator  was  used  to  accelerate  the 
piston  in  thi  gas  spring  to  a  predetermined 
velocity.  As  the  piston  left  the  thrust  column 
and  moved  down  the  tube,  it  compressed  the 
column  of  gas  ahead  of  it  until  the  pressure 
was  built  up  sufficiently  to  overcome  the 
friction  and  to  accelerate  the  projectile 
through  the  rifled  section.  Upon  leaving  the 


rifled  section,  the  projectile  entered  a  free 
moving,  tapered  recovery  tube  and*  by  means 
of  a  momentum  exchange  using  a  wedging 
action,  slowly  came  to  rest.  Because  of  the 
selected  mass  ratio  between  the  piston  and 
the  projectile,  the  piston  continued  out  of  the 
gas  spring  tube  with  a  low  velocity  and  either 
fell  to  the  floor  or  entered  the  recovery  tube 
and  stopped  some  distance  from  the  projectile . 

GAS  SITING  DESCRIPTION 

The  tube  used  for  the  gas  spring  was  8- 
feet  long  with  an  outside  diameter  of  10  inches 
and  an  inside  diameter  of  6  inches.  The  high- 
strength  steel  tube  was  machined  on  one  end 
to  accept  an  8-inch  length  of  155  mm  gun 
barrel  that  had  been  machined  to  an  outside 
diameter  of  8  inches.  A  retainer,  bolted  to 
the  end  of  the  gas  spring  tube,  was  used  to 
hold  the  rifled  section  in  place. 

Fig.  2  shows  Die  rifled  section  and  its 
retainer.  A  series  of  steel  pistons  of  differ¬ 
ent  weights,  shown  also  in  Fig.  2,  was  used 
in  conjunction  with  various  piston  velocities 


Fig.  2  -  Gas  Spring  Hardware 

and  initial  gas  spring  pressures  to  vary  the 
shock  pulse  characteristics.  The  mathemati¬ 
cal  expressions  relating  the  different  setup 
and  control  parameters  have  been  developed 
in  the  Appendix.  The  three  pistons  shown 
weighed  100  pounds,  150  pounds,  and  200 
pounds.  Each  piston  was  fitted  with  O-ring 
seals  to  contain  the  pressure  built  up  ahead  of 
it  in  the  gas  spring  as  the  piston  moved  down 
the  tube.  A  set  of  four  runners  was  also 
fastened  to  the  gas  spring  tube  so  that  it 
could  be  positioned  on  the  existing  rail  sys¬ 
tem  in  front  of  the  thrust  column  of  the  18- 
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Fig.  5  shows  a  typical  projectile  rear'/y  to 
be  tested.  The  weights  of  the  projectiles 
varied  considerably,  but  most  weighed  oetween 
50  and  75  pounds. 


Fig.  4  -  155  mm  Projectiles 


PROJECTILE  DESCRIPTION 


The  projectile  used  for  each  test  was  an 
empty  155  mm  illuminating  round  as  shown  in 
Fig.  4.  The  base  plate  was  machined  so  that 
it  could  be  fastened  to  the  wall  of  the  projec¬ 
tile  with  bolts,  and  the  ogive  portion  of  the 
shell  was  cut  off  to  allow  for  hard-wire  instru¬ 
mentation.  The  rotating  band  of  the  projectile 
was  also  prescored  by  pressing  the  shell  into 
li.e  short  rifled  section  until  the  band  was  fully 
engaged.  The  inside  cavity  of  the  projectile 
was  used  for  mounting  the  components  to  be 
tested.  The  components  could  be  mounted  in 
one  of  three  ways- -to  the  base  of  the  projec¬ 
tile,  to  the  wall  of  the  projectile,  or  encased 
in  some  type  of  potting  material  that  filled  the 
entire  cavity  of  the  projectile.  It  was  found 
that  some  types  of  pottir.g  materials  generated 
a  voltage  when  exposed  to  the  acceleration 
shock  which  could  cause  zero  shift  to  occur  in 
the  recording  electronics.  (This  phenomenon 
is  known  as  the  triboelectric  effect. )  As  a 
result,  this  method  received  minimal  use. 


Fig.  5  -  Test  Projectile 

RECOVERY  TUBE  DESCRIPTION 

V  method  of  recovery  was  designed  such 
that  when  the  projectile  was  fired  from  the  gas 
spring,  it  v  as  decelerated  and  recovered  with 
no  further  damage  to  the  components  being 
tested.  The  method  used  was  a  momentum 
exchange  technique.  The  tube  shown  in  Fig.  6 
was  used  to  slow  the  projectile  down.  It  was 


Fig.  3  -  Overall  View  of  Test  Setup 


Fig.  6  -  Recovery  Tube 


made  from  a  10-foot  length  of  stock  steel 
tubing  with  an  inside  diameter  of  6.25  inches 
and  an  outside  diameter  of  7.  50  inches.  A 
half -inch  slot  was  cut  in  the  tube  for  a  distance 
of  8  feet  so  that  when  it  was  clamped  together 
again  it  formed  a  tapered  tube.  A  set  of  run¬ 
ners  was  also  fastened  to  this  tube  to  allow  it 
to  slide  freely  on  the  rail  system  when  the  pro¬ 
jectile  was  fired  into  it.  The  momentum  of  the 
projectile  was  transferred  to  the  recovery 
tube  through  the  wedging  action  in  the  tapered 
portion  of  the  tube.  Various  combinations  of 
lead  and  steel  shims  under  the  clamps  provided 
a  gradually  increasing  stopping  force  to  the 
projectile  as  it  moved  farther  into  the  tapered 
portion  of  the  recovery  tube.  Because  of  the 
selected  mass  ratio  between  the  recovery  tube 
and  the  projectile,  the  tube  acquired  only  a  low 
velocity  from  the  momentum  of  the  projectile 
and  was  allowed  to  slide  along  the  rails  until  it 
was  finally  stopped  by  the  friction  force  be¬ 
tween  the  runners  and  the  rails.  The  maximum 
faired  deceleration  experienced  by  the  projec¬ 
tile  while  stopping  was  measured  at  less  than 
5  percent  of  the  maximum  faired  acceleration 
during  the  initial  part  of  the  test. 

HARD-UTRE  INSTRUMENTATION 

One  of  the  capabilities  designed  into  the 
facility  was  to  provide  hard-wire  instrumenta¬ 
tion  on  the  test  projectile.  The  instrumenta¬ 
tion  cables  were  brought  out  the  nose  of  the 
projectile  and  suspended  so  that  the  projectile 
would  gather  the  wires  as  it  was  accelerated. 

Data  has  been  obtained  for  times  from  4 
milliseconds  to  as  long  as  500  milliseconds, 
depending  on  the  requirements  of  the  test  and 


the  distance  in  which  the  instrumentation 
cables  had  been  suspend?  in  front  of  the  pro¬ 
jectile.  Types  of  data  recorded  included  ac¬ 
celeration  it; put  and  response  signatures  from 
various  points  within  the  projectile  and  the 
pressure  in  the  gas  spring  behind  the  projec¬ 
tile.  The  foregoing  data  was  in  addition  to 
anything  required  by  the  components  being 
tested.  Image  motion  photography  was  used  as 
one  means  of  determining  the  velocity  of  the 
projectile,  which  provided  a  check  on  the  velo¬ 
city  change  under  the  input  acceleration-time 
signature. 

A  quartz  accelerometer,  rated  to  100, 000 
g  (checked  to  50,  C00  g)  was  used  to  monitor  the 
acceleration  level  of  the  projectiles.  The 
mounted  resonant  frequency  of  the  accelerome¬ 
ter  was  60  kHz.  A  high  frequency  fidelity 
check  was  performed  on  the  rest  of  the  elec¬ 
tronic  system  to  show  that  it  was  capable  of 
accurately  recording  frequencies  to  140  kHz 
with  amplitudes  as  high  as  those  present  during 
a  test. 

Data  from  the  projectile  has  been  obtained 
using  hard- wire  instrumentation,  making  pos¬ 
sible  1  MHz  data  recording  for  15  milliseconds 
and  80  kHz  data  recording  for  as  long  as 
needed.  The  number  of  channels  of  informa¬ 
tion  has  been  limited  only  by  the  size  at  the 
bundle  of  wires  extending  from  the  projectile 
and  the  channels  of  recording  electronics 
available. 

CAPABILITIES 

From  the  energy  available  from  the  1  fl¬ 
inch  actuator,  velocity  changes  on  the  155  mm 
'•rojectile  of  up  to  375  feet/ second  have  been 
generated.  The  longitudinal  acceleration  ex¬ 
perienced  by  the  projectiles  has  ranged  from  a 
pulse  of  5,  500  g  maximum  faired  peak  (MFP) 
with  a  duration  of  3.6  milliseconds  (at  the  10 
percent  level)  to  a  pulse  of  47, 006  g  MFP  with 
a  duration  of  .  17  millisecond  (10  percent 
level).  A  typical  pulse  for  component  testing 
might  be  from  10, 000  g  MFP  with  a  duration 
of  1.65  milliseconds  (10  percent  level)  to 
16,  000  g  MFP  with  a  duration  at  1.05  milli¬ 
seconds  (10  percent  level). 

Figure  7  shows  an  80  kHz  data  playback 
record  of  a  typical  test  pulse.  The  theory 
developed  for  the  ideal  situation  was  found  to 
predict  the  rise  time  of  pulses  adequately 
(within  *10  percent).  However,  since  the  gas 
spring  is  a  high,  v  nonlinear  spring  and  the 
magnitude  of  the  acceleration  pulse  is  very 
sensitive  to  small  changes  in  the  piston  velo¬ 
city,  calibration  si  lots  with  repeatable  setup 
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Figt  7  -  Typical  Acceleration -Time  Signature  Fig.  8  -  Acceleration  Shock  Signatures 


conditions  were  also  required  to  produce  ac¬ 
curate,  specified  test  pulses.  For  a  given 
test  requirement,  the  amplitudes  of  the 
pulses  were  repeatable  wiihin  an  error  of  ±10 
percent. 

FIELD  TESTING  COMPARED  TO 
LABORATORY  TESTING 

The  question  that  arises  in  any  laboratory 
test  is:  How  well  does  it  simulate  the  environ¬ 
mental  conditions  of  the  field?  Not  only  that, 
but  what  criteria  is  used  to  determine  the  va¬ 
lidity  of  the  laboratory  test?  It  was  decided 
that  shock  spectra  should  be  used  to  compare 
longitudinal  and  angular  acceleration  of  the 
gas  spring  firing  of  a  155  mm  projectile  to 
that  of  an  actual  gun  firing.  To  do  this,  a 
longitudinal  acceleration  pulse  was  obtained 
from  an  actual  field  test  so  that  a  shock  spec¬ 
trum  could  be  made  of  the  pulse.  Likewise, 
a  typical  faired  shock  pulse  from  the  gas 
spring  testing  technique  with  a  similar  ampli¬ 
tude  was  analyzed  and  compared  to  the  field 
test  data.  The  shock  signatures  compared 
are  shown  in  Fig.  8  while  their  respective 
shock  spectra  appear  in  Fig.  9.  It  can  be 
seen  that  even  though  there  was  nearly  an 
order  of  inagnigude  difference  in  the  pulse 
durations,  the  effect  of  the  two  shocks  to  any 
single,  undamped,  linear  spring  mass  compo¬ 
nent  within  the  projectile  with  a  natural  fre¬ 
quency  above  3  kHz  was  very  nearly  the  same. 
Ir.  fact,  had  the  amplitude  of  the  gas  spring 
pulse  been  the  same  as  the  field  pulse,  the 
results  of  the  comparison  would  have  been 
even  closer. 


Fig.  9  -  Shock  Spectra 

Another  interpretation  of  Fig.  8  and  Fig. 

9  is  that  any  component  having  a  natural  fre¬ 
quency  greater  than  4.  5  kHz  is  only  sensitive 
to  the  amplitude  of  the  applied  shock,  pro¬ 
vided  the  base  line  duration  of  the  pulse  is  at 
least  2.2  milliseconds.  Fig.  9  also  indicates 
that  for  components  having  a  nr.tural  fre¬ 
quency  between  3P0  Hz  and  4.  5  kHz  the  gas 
spring  pulse  with  the  same  amplitude  as  the 
field  pulse  would  be  an  overtest.  Likewise, 
the  gas  spring  pulse  would  be  an  undertest 
for  components  with  natural  frequencies 
below  300  Hz.  However,  the  peak-to-peak 
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deflection  involved  with  a  component  having  a 
natural  frequency  of  300  iiz  is  2. 4  inches  for 
an  acceleration  level  of  11,000  g,  which  im¬ 
plies  that  such  a  natural  frequency  is  unlikely 
to  occur  in  the  155  mm  projectile.  On  the 
other  hand,  the  peak-to-peak  deflection  Of  a 
component  with  a  natural  frequency  of  4.  5  kHz 
with  the  same  acceleration  level  is  0.011 
inches.  Therefore  it  can  be  concluded  that  the 
gas  spring  test  is  valid  for  faired  longitudinal 
and  angular  acceleration  environmental  tests 
involving  components  with  natural  frequencies 
of  4. 5  kHz  or  higher. 

It  should  be  noted  that  both  shock  signa¬ 
tures  in  the  above  comparison  had  no  high 
frequency  vibration  superimposed  on  the  main 
pulse.  The  reason  for  this  was  briefly  men¬ 
tioned  earlier.  There  was  no  high  frequency 
data  available  from  an  actual  gun  firiiig  since 
hard-wire  instrumentation  has  not  been  used 
successfully  for  the  total  duration  of  the  pulse. 
Consequently,  the  vibration  superimposed  on 
the  gas  spring  pulse  was  faired  so  that  two 
similarly  smooth  pulses  could  be  compared. 
The  pulse  from  the  field  test  was  filtered  to 
300  Hz.  From  the  results  of  the  gas  spring 
tests,  it  is  believed  that  there  is  a  significant 
amount  of  vibration  present  in  the  components 
of  a  155  mm  projectile  during  a  gun  firing 
which  can  only  be  recorded  by  high  frequency 
response  instrumentation. 

Component  testing  in  the  past  has  in  gener¬ 
al  used  nothing  but  clean  input  pulses,  which 
may  be  adequate  only  if  a  similar  environment 
exists  in  an  actual  gun  firing.  However,  from 
what  has  been  learned  from  the  gas  spring 
tests,  there  is  reason  to  believe  that  much  of 
the  vibration  recorded  is  due  to  inherent 
natural  frequencies  within  the  projectile  itself. 
Therefore,  the  frequencies  and  amplitudes  re¬ 
corded  during  a  gas  spring  firing  may  be 
similar  to  those  of  an  actual  gun  firing.  Since 
there  is  so  little  known  about  the  high  fre¬ 
quency  vibration  and  its  effect  on  the  compo¬ 
nents,  future  work  is  planned  to  study  this 
area. 


The  general  testing  technique  outlined  has 
the  capability  at  being  extended  to  other  pro* 
jectiles  besides  the  155  mm  projectile.  The 
gas  spring  and  the  rifled  section  could  be  de¬ 
signed  for  any  number  of  other  projectiles. 

The  main  consideration  would  be  the  amount  at 
energy  available  to  shape  the  acceleration 
pulse  by  the  momentum  exchange  between  the 
piston  and  the  projectile.  A  wide  latitude  in 
selecting  the  characteristics  of  the  pulse  de¬ 
mands  a  large  amount  of  energy.  For  this 
reason,  future  work  has  been  planned  on  the 
existing  test  eetup  in  the  area  of  energy  gener¬ 
ation.  One  system  to  be  Investigated  will  be 
a  piston  that  carries  a  very  high  pressure 
reservoir  th£t  will  be  released  at  a  point  where 
the  piston  would  normally  attain  its  maximum 
velocity.  Other  energy  generation  systems  to 
be  investigated  would  include  modifications  to 
the  18-inch  actuator. 

Future  work  has  also  been  planned  in  the 
area  at  theoretical  prediction  of  the  results. 
Specific  points  to  be  investigated  include  gas 
and  heat  losses  from  the  system,  compressibi¬ 
lity  at  a  real  gas,  and  the  disassociation  of  the 
diatomic  gas  at  high  temperatures  and  pres¬ 
sures.  A  refinement  of  the  theory  would  allow 
for  a  more  optimum  use  at  the  available 
energy  in  shaping  the  acceleration  pulse. 
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APPENDIX 

MATHEMATICAL  ANALYSIS  OF  THE  GAS 
SPRING  TEST  SETUP 

Since  there  are  so  many  variables  in¬ 
volved  in  this  testing  technique  and  their  in¬ 
teraction  at  such  a  complex  nature,  there  is 
a  need  for  art  analytical  expression  which  will 
facilitate  the  selection  of  setup  parameters. 
The  acceleration -time  data  of  the  projectile  is 
the  main  concern  of  the  test;  therefore,  the 
following  analysis  will  concentrate  on  this 
point. 

To  mathematically  analyze  the  gas  spring, 
it  is  necessary  to  make  some  simplifying  as¬ 
sumptions.  For  a  first  approximation  it  is 
assumed  that  an  ideal  gas  is  used  and  that  the 
process  is  a  reversible  adiabatic  process  with 
a  constant  specific  heat  ratio.  It  is  also  as¬ 
sumed  that  there  are  no  lossc-s  in  the  gas 
spring. 

There  are  three  distinct  regions  of  piston 
travel  that  are  erf  interest.  The  first  region  is 
from  the  point  where  the  piston  starts  from 
rest  to  the  point  where  its  velocity  is  meas¬ 
ured  (some  distance  after  the  piston  has  left 
the  thrust  column).  This  is  shown  in  Fig.  10. 
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Fig.  10  -  Region  1  of  Piston  Movement 

Region  Two,  shown  in  Fig.  11,  is  defined 
from  the  point  where  the  velocity  of  the  piston 
is  measured  to  the  point  where  motion  of  the 
projectile  is  impending.  Region  Three  of 


PISTON  A!  star:  piston  ai  end 

or  REGION  7  Of  REGION  7 


Fig.  11  -  Region  2  of  Piston  Movement 


piston  travel  is  shown  in  Fig.  12  and  is  de¬ 
fined  from  the  end  at  Region  Two  to  the  point 
where  the  distance  between  the  piston  and  the 
projectile  reaches  a  n  inimuni. 
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Fig.  12  -  Region  3  of  Piston  Movement 

The  follow  ing  nomenclature  is  used  in  the 

development  of  the  analysis: 

A  -  Cross-sectional  area  of  gas 

column 

d  -  Diameter  of  projectile 

F  -  Maximum  axial  force  on  projec¬ 

tile  due  to  friction  in  rifled 
section 

1  -  Mass  moment  of  inertia  of 

projectile 

k  -  Constant  trf  proportionality  be¬ 

tween  linear  and  angular  accel¬ 
eration  for  a  given  gun  barrel 

L.  -  Initial  length  of  gas  column 

L  -  Length  of  gas  column  when 

P  motion  of  projectile  is  impending 

L^  -  Length  of  gas  column  when  veloc¬ 

ity  of  piston  is  measured 

L(Xj,X0)  -  Distance  between  piston  and  pro¬ 
jectile  when  they  are  respectively 
at  Xj  and 

Mj  -  Mass  of  piston 

Mg  -  Mass  of  projectile 

Mge  -  Effective  mass  of  projectile 

N  -  Force  exerted  on  the  circumfer¬ 

ence  of  the  projectile  by  the 
rifled  section  normal  to  the 
grooves 

Pa  -  Atmospheric  pressure 
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P  -  Initial  pressure  of  gas  column 

P  -  Pressure  of  gas  column  when 

’’  motion  of  projectile  is  impending 

P  -  Pressure  of  gas  column  when 

velocity  of  piston  is  measured 


'xi'V 


Pressure  of  the  jas  column  when 
the  piston  and  projectile  are 
respectively  ai  X^  and  X^ 


-  Specific  heat  ratio 


U  -  Variable  defined  to  be  X  -  X0 

U  -  Variable  defined  to  be  X^  - 

U  -  Variable  defined  to  be  X^  -  X^ 

V  -  Velocity  of  the  piston  when  pro- 

P  jectile  motion  is  impending 


V 

v 


*2 


0 


-  Measured  velocity  of  piston  at  the 
end  of  Region  One 

-  Distance  piston  moves  as  meas¬ 
ured  from  position  of  piston  when 
motion  of  projectile  is  impending 

-  Distance  projectile  moves  as 
measured  from  the  initial  position 
of  the  projectile 

-  Velocity  of  piston 

-  Velocity  of  projectile 

-  Acceleration  of  piston 

-  Acceleration  of  projectile 

-  Coefficient  of  friction  between 
projectile  and  rifled  section 

-  Angle  of  twist  which  grooves  in 
rifled  section  make  with  longi¬ 
tudinal  axis 

-  Angular  acceleration  of  projectile 


Region  One  (Fig.  10) 

From  thermodynamics  and  the  assump¬ 
tions  stated  previously,  it  is  known  that 


P  (AL  )"*  =  P.tAL.)7  , 
v'  v'  i'  i' 


or 


From  Eq.  (1)  the  pressure  in  the  gas  spring 
can  be  determined  at  the  selected  point  where 
the  velocity  at  the  piston  is  measured.  There 
is  no  need  to  analyze  the  exact  motion  of  the 
piston  within  this  region  as  the  actuator  setup 
can  be  varied  to  produce  a  desired  velocity 
with  a  known  piston  mass.  Ml,  and  a  given 
initial  gas  spring  pressure,  P^. 

Region  Two  (Fig.  II) 

It  should  be  noted  that  the  position  at  the 
piston  when  projectile  motion  is  impending  is 
not  fixed  but  varies  with  the  initial  gas  spring 
pressure,  Pj,  and  volume,  and  the  projectile 
friction,  F.  impending  motion  ai  the  projec¬ 
tile  is  defined  as  the  point  where  the  force  on 
the  projectile  from  the  pressure  in  the  gas 
spring  is  equal  to  the  sum  at  all  other  forces 
acting  on  the  projectile  in  the  opposite  direc¬ 
tion. 


P  A  =  F  +P  A  , 

P  a 

or 

v(!)tp,  •  <2> 

Since  P  is  essentially  constant  and  F  is 
measured  and  nearly  constant  from  one 
projectile  to  the  next,  then  Pp  becomes  a 
known  constant.  Eq.  (2 )  says  that,  although 
the  piston  is  not  always  in  the  same  position 
when  projectile  motion  is  impending,  the 
pressure  ahead  of  the  piston  at  that  point  is 
always  the  same. 

Two  other  equations  are  also  known: 

Pp(ALp)7  =  Pi(ALi)7  '  (3) 

and 


M 


,  (v2  -  V2)  (P 
1  \  P  v/ 


AL 

P  P- 


P  AL  ) 

V  V 


1  -7 


+  PaA(Ly  -  Lp)  .  (4) 

Rearranging  Eq  (3)  and  Eq.  (4)  gives 
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P 


(5) 


and 


Vl/Ff 


P  L  )A 

v  v 


+  P  A(L 
a  v 


V+“ 

(G) 


M  ,V2 
1  v 


2 
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Fig.  13  -  Forces  Acting  on  the 
Projectile 


where  Pp,  L^,  and  Py  are  given  by  Eqs.  (2), 
(5),  and  (1),  respectively. 


M2x2 


p<wA-F 


P  A 
a 


-  2^ iN  cos* 


Region  Three  (Fig.  12) 


-  2N  sin*  .  (11) 


Looking  now  at  Region  Three,  it  is  seen 

that 


l'(X1,X2) 


x1+x2 


Now  consider  the  angular  motion  of  the  pro¬ 
jectile; 


—■  *  N  cos  *  - p.N  sin  * 


=  Lp  -  (X,  -  X2)  (7, 


and 


P.,. 


AL 


(X^Xg)!  “(XltX2)J  p'  p 


-  PJALJ'  .  (8) 


Substituting  Eq.  (7)  into  Eq.  (8)  and  re¬ 
arranging  gives 


P  p 

(Xfl,X2)  pi 


(l  p-tx,-x2)). 


(9) 


or 


but 


Therefore 


*■*( 


cos  *  -  p  cos 


4 


0  = 


1 


icos  *  -pcos 


*). 


(12) 

Now  substitute  Eq.  (12)  into  Eq.  (11)  and  re¬ 
arrange 


Applying  Newton's  Second  Law  of  Motion  to 
the  piston,  results  in 


MX  »  -P 

1  i  (X,.X2)A  +  PaA; 

(10) 

likewise  for  the  projectile  as  shown  in  Fig. 
13, 


+  21k  /  ucos*  +  sin*  \ 
"2  d  V  cos*  -  psin*  / 


=  P 


(X,,X2)A 

-PA. 


(13) 


The  form  of  Eq.  (13)  indicates  that  an  effec¬ 
tive  mass,  M2e»  for  the  projectile  can  be 
defined  to  account  for  the  angular  motion. 


M2e  =  M2 


+ 


2  Ik 
d 


/  M  cos  *+  sin  *  \ .  (14) 
'  cos  *  -  p  sin  *  / 
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Then  Eq.  (13)  becomes 


and 


F  -  P  A. 
a 

{15) 


Now  substitute  Kq,  ft?)  into  Eqs.  (10)  and  (15) 
ui:d  div  me  ijy  the  appropriate  mass 


P  A 


Then  Eq.  (18)  becomes 


X  -  X  » 
1  2 


P  A 
a 

M  *  *16) 


P  A 


a 


(17) 


+  Kj  .  (21) 


For  the  purpose  of  solving  Eq.  (21),  introduce 
the  change  of  variables 


Therefore 


Eq.  (17)  will  give  the  acceleration  of  the  pro¬ 
jectile.  but  there  is  no  way  of  knowing  from 
this  equation  where  the  maximum  acceleration 
occurs.  Maximum  acceleration  point  will 
occur  when  the  relative  velocity  between  the 
piston  and  the  projectile  is  zero.  Therefore 
an  expression  involving  both  the  relative  veloc¬ 
ity  and  the  relative  displaceme  nt  must  te 
found.  Subtracting  Eq.  (17)  from  Eq.  (16) 
gives 


Now  define  two  constants  and  simplify.  Let 


(10) 


+  K2.  (22) 


Now  let 

U  *  z  ; 

then 


_  dz  =  dz  du  dz 
dt  du  dt  Z  du 


Substituting  into  Eq.  (22)  gives 


* '  'K'  (v“) 


+  K„ 


or,  after  integrating,  becomes 


T-  K2U 


K  L'  (L  -U)1  1 
■  1  P  P 

1-0 


+c. 
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or 


2K,(L  -  UJ 

-  _ 

I  ‘  1 


T  ■  V 


K  L7  (L  -U)5"1 

I  »  P  P _ +  C. 


1  -  y 


(23) 


where  is  the  constant  of  integration. 

The  initial  conditions  used  to  evaluate 
are: 


U  =  Xj  -  X2  =  0  at  Xt 


.  2 

L-  =  2K.,U  -J- 


where  Kj,  K^.  and  V  >  are  given  by  Eqs.  (If), 
(20),  and  (6),  respectively. 

Eq.  117)  can  also  be  written  as 


=  0,  x2  =  0 

U  =  X,  -  £  =  V  at  X, 
1  2  p  I 


-  0,  X2  =  0. 


By  substituting  the  above  values  into  Eq.  (22) 
and  solving  for  C j,  it  is  found  that 


v,2 


K  L 

_L_P 

1  -■) 


Therefore  Eq  (23)  becomes 


K,L7  (L  -  U)  1 

+  1  p  £ _ : _ 

1  -  y 


+ 


K  L 
1  P 


(24) 


M 


2e 


r*  A 
s 

M 


2e 


(26) 


Now  the  relative  velocity,  U,  between  the 
piston  and  the  projectile  and  the  acceleration 
of  the  projectile  are  both  expressed  in  terms 
of  a  common  parameter,  the  relative  dis¬ 
placement,  U.  It  is  then  possible  to  calculate 
the  acceleration  at  that  value  of  relative  dis¬ 
placement  for  which  the  relative  velocity  is 
zero.  This  point  gives  the  maximum  acceler¬ 
ation  of  the  projectile-  but  not  the  time  at 
which  i*  occurs.  In  general,  acceleration¬ 
time  data  is  needed  rather  than  acceleration  - 
displacement  data.;  so  to  express  time  as  an 
explicit  variable,  a  numerical  technique  can 
be  used  with  the  plot  obtained  from  Eq.  (2  3). 

A  relative  displacement-time  curve  can  then 
be  drawn.  The  time,  t,  can  then  be  sub¬ 
stituted  for  U  in  Eq.  (26)  to  get  an  acceler¬ 
ation-time  signature  of  the  projectile. 


or 
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IHSCISSION 


Mr.  Ilighcg  iNat ttVgpons  Kv alualion  Facility, 
Albmpiergue):  i  would  like  clarification  of  the 
Juration  at  which  vou  ran  record  *10  Kilz. signals. 

1  In-Iicvc  vou  said  forever.  Iiut  it  appeared  on  one 
sliile  that  you  had  a  cable  cut. 

Mr,  Fluent:  Yes,  the  c&lile  was  cut  xfler 
several  milliseconds  in  that  particular  test.  1  said 
that  »v  had  obtained  data  for  as  long  as  needed.  The 
reason  that  we  tried  getting  extended  data  was  that 
somebody  required  that  we  have  ‘lata  for  15  milli¬ 
seconds.  So  on  a  calibration  shot  wc  tried  to  see 


how  long  wc  coold  get  it,  and  as  it  turned  out,  the 
first  cable  that  cii  was  after  500  milliseconds. 

Some  of  the  cables  never  did  cut-  -they  ran  the  full 
TO  feet  and  we  could  still  record  data. 

Mr.  Hughes:  So  which  one  gets  cut  first  ap- 
pears  to  be  sort  of  a  chance  type  of  thing. 

Mr.  Fluent;  Yes,  we  have  not  really  gone  into 
the  feasibility  of  trying  to  see  if  we  can  record  data 
all  the  way  through,  even  full  stopping. 


186 


FULL-SCALE  RECOIL  MECHANISM  SIMULATOR 
(FORCED  FLUID  FLOW  THROUGH  A  CONCENTRIC  ORIFICE) 


W.  J.  Courtney 
IIT  Research  Institute 
Chicago,  Illinois 
and 


R.  Rossmiiier  and  R.  Reade 
U.S.  Army  Weapons  Command 
Rock  Island,  Illinois 


A  full-scale  recoil  mechanism  simulator  weighing  14,000  lbs, 
was  designed,  fabricated  and  operated.  This  simulator  was 
designed  as  a  tool  to  investigate  high  pressure  high  velocity  ! 
hydraulic  fluid  flow  through  a  concentric  orifice.  The  non-  I 
linear  mathematical  model,  used  as  a  design  aid,  is  presented. 
The  computer  prediction  of  piston  velocities  and  oil  velocities' 
will  be  compared  with  the  experimental  data.  Finally,  a  dis¬ 
cussion  of  the  orifice  flow  together  with  accumulated  data, 
which  includes  high  speed  photography  of  the  oil  flow  through  ! 
a  viewing  part,  will  be  presented. 


INTRODUCTION 

This  full-scale  simulator,  HYFLOS 
for  hydraulic  flow  simulator  was  de¬ 
veloped  to  measure  ihe  various  parameters 
needed  to  define  the  coefficient  of  dis¬ 
charge  (CD)  of  a  recoil  mechanism.  Of 
immediate  interest  is  the  discharge  co¬ 
efficient  of  the  recoil  control  orifice 
of  the  M140  tank  recoil  mechanism  which 
is  used  in  the  M60-A1  tank.  The  defi¬ 
nition  of  the  Cq,  particularly  for  high 
speeds  and  pressures,  will  be  of  general 
interest.  A  typical  recoil  mechanism  is 
shown  in  Fig.  1. 


It  is  historically  interesting  that 
the  French  75mm  Field  Gun  of  WWI  was  the 
first  gun  manufactured  by  the  United 
States  of  America  that  contained  a  mod¬ 
ern  recoil  mechanism.  Until  recent 
years,  and  the  advent  of  computers,  all 
recoil  mechanism  design  was  by  trial 
and  error.  Most  of  the  necessary  de¬ 
sign  parameters  are  adequately  under¬ 
stood  and  defined.  The  most  elusive 
parameter  is  the  coefficient  of  dis¬ 
charge  because  it  changes  rapidly  during 
a  cycle.  Experience  factors  are  now 
used  to  wake  the  necessary  approxima¬ 
tions  for  design  changes. 

The  trend  of  modern  experimental 
tank  guns  is  to  fire  projectiles  at 
higher  and  higher  muzzle  velocities  re¬ 
sulting  in  recoil  times  from  25  to  65 
milliseconds.  Breech  forces  can  be 
measured  in  millions  of  pounds  and 
trunnion  reactions  in  excess  of  1/4 
million  pounds.  As  muzzle  velocities 
become  higher,  the  parameters  which  the 
designer  has  to  juggle  become  more  cri¬ 
tical.  In  one  mechanism  the  oil  flow 
was  so  violent  that  the  stainless  steel 
locking  wires  were  "washed"  off  the 
screw  heads  (see  Fig.  2).  The  damage 
could  have  been  due  to  cavitation  in¬ 
duced  erosion  since  stainless  steel  pow¬ 
der  was  recovered  from  the  bottom  of  the 
mechanism. 
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Fig.  2  End  View  Recoil  Orifice 

(Note:  Loss  of  Locking  Wire) 

The  HYFLOS  was  installed  in  WE COM's 
Gas  Dynamics  Laboratory  (Fig.  3) ,  the 
Fastex  cameras  which  were  used  to  re¬ 
cord  the  motion  of  the  piston  extension 
rod  and  the  flow  of  oil  through  the 
orifice  are  not  shown.  A  5000  psi 
nitrogen  gas  compressor  Is  shown  in 
the  right  rear.  An  oil  sealed  vacuum 
pump  was  used  to  remove  dissolved  gases 
from  the  hydraulic  fluid.  The  horizon¬ 
tal  dynamic  cradle  was  used  because  of 
a  Corps  of  Engineers  restriction  on 
bedrock  reaction  forces  loading. 


Fig.  3  HYFLOS  Installed  in  WECOM 
Laboratory 

The  preparation  of  the  HYFLOS  for 
an  experimental  velocity  excursion  is 
straight  forward.  The  buffer  and  drive 
zone  pressures  are  reduced  to  atmos¬ 
pheric.  The  metal  to  metal  seal  of  the 
piston  is  made  by  raising  the  buffer 
pressure  to  100-150  psig.  Then  the 
buffer  pressure  is  reduced  to  the  de¬ 
sired  level  determined  by  the  maximum 


excursion  desired,  i.e. ,  the  pj/p2  ratio. 
Subsequently,  die  drive  zone  pressure  is 
set  at  the  required  level  (maximum  vel¬ 
ocity  desired)  and  the  trigger  valve  is 
actuated  to  release  the  piston. 

TECHNICAL  DISCUSSION 

This  discussion  is  concerned  with 
the  mein  problems  encountered  in  design¬ 
ing  and  using  the  HYFLOS.'  The  following 
equation  of  motion  was  used  as  a  tool  in 
the  design  and  testing  of  the  device, 

m*  +  (cl  f}  +c2)  ♦  (p2  -  p,)  A»0  (1) 

where 

-i  2 

m  ■  piston  mass,  (lb  ft  "-sec  ) 

x,x,k‘  -  piston  motion  (ft)  and  its 
time  derivatives 

c.  -  damping  constant  due  to  oil  „ 
flow  through  orifice  (lb  ft'* 
sec2) 

c0  *  damping  constant,  friction  of 
"  bearings  and  sesls,  (lb) 

■  absolute  drive  pressure  (lb  ft-2) 

p.  ■  absolute  buffer  pressure 
2  (lb  ft-2) 

o 

A  “  piston  end  ares  (ft  ) 


Nitrogen  is  used  as  the  drive  gas 
(pj)  and  as  the  buffer  gas  (pp);  the  ex¬ 
pansion  and  compression  processes  were 
assumed  to  be  adiabatic  and  specific  heat 
ratio  was  assumed  to  remain  constant 
(k  »  1.4).  Thus  the  dynamic  pressures, 
p^  and  p2,  can  be  determined  as  a  func¬ 
tion  of  piston  motion  from, 

Pl  Vlk  -  C1  -  Pl.ln  vDk  (2) 

and 

p2  v2k  “  C2  "  p2-in.  vBk  (3) 


where 


v!  “  VD  +  x  A 


v2  ■  (*-x)  A 


as 


pl 


p2 


(vD  +  xA)1'4 
C2 

[(/  -  x)A]i'4 


W 

(5) 
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where 

v.  »  drive  volus*  before  aotion  la 
0  Initiated  (ft3) 

V.  -  buffer  vo luaa  before  aotion  is 
B  initiated  (ft3) 

1  •  buffer  zone  length  (1.25  ft) 

The  derive  volume  (vD)  can  be  changed  by 
Installing  Inserts,  the  drive  voluae  can 
be  550,  300  or  150  in.3. 

The  values  of  the  damping  coeffi¬ 
cients  were  estimated  in  the  following 
asnner.  The  dynaaic  coefficient  of 
friction  was  assuaed  to  cc  0.2  and  since 
the  piston  weighs  580  lb  there  is  con¬ 
stant  drag,  opposing  aotion,  of  116  lb 
(c j).  The  force  required  for  flow  of 
oil  through  the  orifice  is  a  function 
of  the  orifice  geometry,  the  oil  vel¬ 
ocity  and  quite  significantly  the  main 
reason  that  the  HYFIOS  was  developed. 
However,  the  maximum  oil  pressure  res¬ 
ponse  of  an  M1A0  recoil  mechanism  was 
known  from  test  firings.  Thus  the  value 
of  coefficient  discharge  (Cn)  could  be 
determined  at  a  point  of  maximum  pres¬ 
sure  from 


The  damping  coefficient  (ci)  is 
32.1  (Eq.  1)  for  the  straight  piston 
shown  in  Fig.  4  and  for  a  pressure  of 
4000  psi  -  experimentally  measured  on 
the  M1A0  -  at  a  piston  speed  (1)  of 
50  ft/sec  froa  Eq.  «"*.  The  value  of  p, 
varies  when  the  tapered  piston  (Fig. y 
is  used. 


»  •  S  7  vo  <‘> 

where 

Ap  *  pressure  drop  across  the 
orifice  (lb  ft"3) 

p  ■  oil  density  (lb  ft-/*  sec'*) 

(1.66  for  oil  used) 

V  *  oil  velocity  through  orifice 
°  (ft  sec"*) 


Fig.  4  Experimental  Recoil  Mechanism 


Since  the  downstream  oil  pressure  is 
approximately  zero  the  change  in  pres¬ 
sure  across  the  orifice  (Eq.  6)  can  be 
assumed  to  be  the  total  pressure  that 
resists  piston  motion  thus, 


Fp  -  C1  *  -  AP  A„ 

(7) 

or  , 

_  .2  .  pCD  ,2 

cl*  "T  T,  ‘  «* 

(8) 

•)  Straight  FI a tea  Dimensions 


I  &—/  'sysjy  zzz  / 


T 
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ZZ  $  ZZZ7T7  3 


J_u, 


h)  Tapered  FIs ton 


where 


and 


Au  ■  annular  area  between  piston 
and  chamber  (ft3) 

2 

kQ  ■  annular  area  of  orifice  (ft  ) 


Fig.  5  Piston  and  Orifice  Dimensions 

The  coefficient  of  discharge  v*,s 
assumed  to  be  constant  during  computer 
simulation  of  piston  motion.  This  con¬ 
stancy  was  assumed  because  it  would 
yield  realistic  pressures  at  high  piston 
velocities  where  high  oil  pressures 
would  be  expected.  The  importance  of 
the  high  piston  velocity  and  accelera¬ 
tion  with  resultant  high  oil  pressures 
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will  be  discussed  in  a  later  section 
when  the  plexiglass  orifice  is  dl«- 
cussed.  The  effect  of  assuming  a  con¬ 
stant  CD  will  be  discussed  in  the  final 
section. 

Equations  4,  5,  8  and  the  value  of 
C2  were  inserted  into  Eq.  1  and  it  was 
evaluated  on  a  digital  computer.  Fig.  6 
shows  the  piston  velocity  and  displace¬ 
ment  versus  time  for  a  few  computer 
simulations  of  recoil  mechanism  opera¬ 
tions. 


Fig.  6  Computer  Simulation  of  Motion 
(Straight  Piston) 


ORIFICE 

The  orifice  (Figs.  4  and  5)  was 
fabricated  from  plexiglass  so  that  the 
flow  of  hydraulic  fluid  cculd  be  ob¬ 
served  through  the  viewports.  The  use 
of  plexiglass  imposed  restrictions  on 
the  operation  of  the  simulator.  Due  to 
the  relatively  low  strength  of  the  plexi¬ 
glass  and  its  low  Young's  modulus  the 
oil  pressure  level  must  be  carefully 
controlled  and  the  dynamic  expansion  of 
the  orifice  must  be  monitored. 

Since  the  orifice  is  enclosed  on 
three  sides  by  the  relatively  unyielding 
steel  an  approximate  solution  for  the 
expansion  of  the  orifice  can  be  made  by 
assuming  hydrostatic  compression  of  the 
plexiglass  due  to  a  pressure  equal  to 
the  dynamic  oil  pressure.  The  value  of 
Young's  modulus  for  steel  is  29.5  x  10° 
psi;  and,  for  plexiglass  it  is  0.45  x 
10°  psi.  Poisson's  ratio  for  plexiglass 
is  0.35.  The  change  in  volume  per  unit 
volume  is, 

ey  -  (0^2+03)  -  *¥■»>  P0  (9) 


where 

v  ■  0.35  Poisson's  ratio 

E  ”  0.45  x  10®  Young's  modulus,  psi 
“  principal  stresses  and 
1  4  J  (,i“',2*ct3“*>o  *or  ***•  ky®10- 

static  case 

If  the  dynamic  oil  (p0)  pressure 
equals  1000  psi  then  e  m  2  x  10*3 
in. 3/in. Since  the  plexiglass  ori¬ 
fice  is  approximately  14  in.  in  diameter 
and  can  only  yield  in  the  radial  direc¬ 
tion  a  volume  strain  of  2  x  10” 3  amounts 
to  a  gap  increase  of  3  x  10*3  in.  A 
4000  psi  oil  pressure,  equal  to  the 
maximum  M140  recoil  mechanism  pressure, 
would  cause  the  orifice  gap  to  in¬ 
crease  by  12  x  10*3  in. j  Fig.  7  shows 
the  effect  of  oil  pressure  on  the  ori¬ 
fice  gap. 


* 

1 


i 

; 


Fig.  7  Change  in  Gap  Dimensions, 

Tests  4,  5  and  6 

INSTRUMENTATION 

Because  of  the  predicted  change  in 
the  orifice  gap  a  capacitive  probe  was 
specifically  designed  to  monitor  the 
orifice  gap.  Four  piezo-electric  pres¬ 
sure  transducers  were  used  to  monitor 
the  gas  and  oil  pressures,  i.e.,  buffer 
zone,  drive  zone,  and  upstream  and  down¬ 
stream  of  the  orifice.  The  pressure 
transducers  were  Kistler  #601H  in  con¬ 
junction  with  charge  amplifiers  type 
#503.  The  oil  temperature  was  monitored 
on  both  sides  of  the  orifice  with  thermo¬ 
couples,  American  Standard  ARI  #T22-M- 
1.5-8-L-8-F-24.  All  of  the  electrical 
signals  were  conditioned  and  recorded  on 
tape,  from  which  they  were  played  back 
as  oscillograph  traces  for  analysis. 
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A  Fas  rex -Model  W16269-caaera  Has 
used  to  record  the  piston  action  end  e 
Fastex-Model  WF3T -camera  ws  used  to 
record  the  orifice  oil  flow.  Both 
caneras  were  operated  at  a  nonlnal  speed 
of  4000  frames  per  second;  both  also  had 
SOaa  focal  length  Wollensack  lenses. 

T lasing  marks  at  a  rate  of  120  flashes/sec 
were  put  on  the  film  during  a  test  run. 

A  Gerber-Model  GADSS-4PFS  Data  Reduction 
System  was  used  to  determine  the  piston 
displacement  as  a  function  of  time. 

EXPERIMENTAL  RESULTS 

Prior  to  the  acceptance  tests  a  num¬ 
ber  of  computer  simulations  of  test 
firings  were  made  to  assist  In  the  selec¬ 
tion  of  drive  and  buffer  pressures  and 
the  drive  rone  volume.  Only  the  ISO 
In.3  drive  zone  volume  was  used  during 
the  acceptance  tests. 

Figs.  8  and  9  show  the  displacement 
versus  time  and  the  velocity  versus  time 
for  the  tests  made  during  acceptance 
testing.  The  displacement  and  velocity 
curves  for  an  M140  recoil  mechanism  are 
also  shown  In  the  figures.  The  accept¬ 
ance  tests  were  not  designed  to  be  a 
complete  synthesis  of  the  M140  recoil 
but  rather  to  show  that  the  curves  could 
be  synthesized.  Particularly  the  first 
15  co  20  ms  of  the  M140  synthesis  was 
avoided  as  a  synthesis  of  this  portion 
wltu  the  very  high  accelerations  re¬ 
quired  would  have  prematurely  over¬ 
strained  the  plexiglass  orifice.  Figs. 

10  and  11  show  additional  computer 
simulations. 


Fig.  8  Piston  Displacement  versus 
Time  for  5  Pressure  Ratio 
Experiments 


Fig.  9  Acceptance  Testing  Piston 
Velocity  (Tapered  Piston) 


Fig.  10  Computer  Simulation 
(Tapered  Piston) 
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Fig.  11  Computer  Simulation 
(Straight  Piston) 


The  maxima  displacement  of  the  pis¬ 
ton  was  predicted  using  Che  equilibrium 
position  of  the  vibrating  piston  as  a 
guide.  Fig.  12  shows  the  calculated 
equilibrium  position  as  solid  lines  for 
each  of  the  drive  volumes  as  a  function 
of  the  pressure  ratio  pj/po*  The  experi¬ 
mental  points  show  the  maximum  displace" 
ment  for  each  of  the  tests  made  during 
acceptance  testing  with  the  150  in.3 
drive  zone  volume.  For  test  #6  the 
maximum  displacement  was  predicted  to  be 
13-3/4  in.  and  experimentally  it  was 
14  in. 


*  m 


V*i 


Fig.  12  Piston  Movement  as  a 

Function  of  Pressure  Ratios 

Fig.  13  (a,b  and  c)  as  still  repro¬ 
ductions,  cannot  convey  the  intuitive 
grasp  of  the  effect  of  piston  speed  on 
the  oil  flow  through  the  orifice,  that 
is  observed  in  the  16mm  motion  pictures. 
The  onset  of  cavitation  can  be  seen  quite 
clearly.  As  the  piston  velocity  was  in¬ 
creased  from  Test  #2  through  Test  #6  the 
extent  of  the  cavitation  zone  monatoni- 
caliy  Increased. 


(a)  Piston  View  Prior  to  Motion 


(b)  Piston  Velocity  19  ft/s 


(c)  Piston  Velocity  46  ft/s 
Fig.  13  Oil  Flow  through  Orifice 

Fig.  14  shows  the  dynamic  change  in 
the  orifice  gap  during  tests  #4.  5  and  6 
Obviously  a  change  of  4  x  10"3  in.  in  a 
gap  89  x  10"3  in.  requires  that  the 
effect  be  accounted  for  during  analysis. 
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Fig.  14  Transient  Orifice  Gap 
Displacement 

CONCLUSIONS 

The  most  important  result  is  that 
for  which  the  HYFIOS  was  developed,  the 
investigation  of  oil  flow  effects  due 
to  the  orifice. 

Figs.  15  and  16  show  the  oil  pres¬ 
sure  determined  by  computer  simulation 
and  the  experimental  results.  The  com¬ 
puter  simulation  predicted  much  higher 
oil  pressures  particularly  for  the  lower 
piston  velocities. 


Fig.  15  .omputer  Predicted  Oil 
Pressure  Response 
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Fig.  16  Pressure  Response  of  Hydraulic 
Fluid  (Upstream  Oil  Pressure 
Transducer) 


It  is  of  considerable  interest  to 
compare  the  ratios  of  measure  and  pre¬ 
dicted  oil  pressures.  Recall  that  the 
coefficient  of  discharge  was  evaluated 
from  M140  data  for  a  piston  velocity  of 
sr 50  ft/sec.  The  ratios  of  the  experi¬ 
mentally  measured  oil  pressure  to  the 
computer  predicted  oil  pressure  was  for 
Test  #4  (19  ft/sec)  P_v/Pcomo  *  0.2  and 
for  Test  #6  (48  ft/se?5  Pev/Pc<)ni  -  0.74. 
Note  that  as  the  piston  velocity  approaches 
that  at  which  the  discharge  coefficient 
was  evaluated  that  the  computer  predic¬ 
tions  more  closely  approach  the  experi¬ 
mental  values.  The  computer  predictions 
were  adequate  for  the  selection  of  drive 
and  buffer  pressures.  The  HYFLOS  will 
be  adequate  to  investigate  the  discharge 
coefficient  at  the  required  piston  vel¬ 
ocities. 
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ISOTOPE  FUEL  IMPACT  FACILITY 


Larry  O.  Seamons 
Sandia  Laboratories 
Albuquerque,  New  Mexico 


The  use  of  radioisotope  thermoelectric  generators  as  electrical  power 
supplies  for  space  applications  has  led  to  a  need  to  characterize  the  impact 
sensitivity  of  the  radioactive  materials  used  in  these  generators.  The 
knowledge  is  required  to  more  realistically  appraise  the  safety  of  potential 
uses.  A  facility  is  being  developed  at  Sandia  Laboratories  for  safely  con¬ 
ducting  impact  tests  of  this  class  of  potentially  dangerous  materials. 


INTRODUCTION 

Radioisotope  thermoelectric  generators 
(RTG's)  are  being  used  to  provide  electrical 
power  for  many  space  missions.  These 
power  supplies  consist  of  subcritical  amounts 
erf  radioisotope  material  from  which  the  heat 
byproduct  of  radioactive  decay  in  conjunction 
with  a  thermoelectric  process  is  used  to 
generate  electricity.  The  radioisotope  fuels 
involved  are  exposed  to  all  the  environments 
associated  with  accident  situations  or  mission 
aborts.  One  category  of  these  accident  en¬ 
vironments  is  impact.  Such  impact  could 
result,  f^r  example,  from  a  launch  pad  ex¬ 
plosion,  an  early  abort  leading  to  subsequent 
aerodynamic  heating  and  impact,  or  an  orbit¬ 
al  abort  resulting  in  /e-entry  and  impact, 

All  radioisotope  fuels  are  health  hazards 
to  some  degree  and  in  most  instances  the 
degree  can  be  altered  by  impact.  In  par.icu- 
lar,  a  new  fuel  under  consideration  is  a  solid 
solution  of  thorium  dioxide  and  plutonium  238 
dioxide  with  the  ThO^  playirg  the  role  of 
dilutant.  Sintered  solid  so'  Jtlun  particles,  a 
ceramic,  are  coated  with  molybdenum  to  pro¬ 
duce  the  basic  cermet  fuel  particles,  approxi¬ 
mately  150  microns  in  diameter,  which  in 
turn  are  hot  pressed  together  to  form  a  large 
shape.  From  the  health  hazar  d  standpoint, 
this  material  is  primarily  an  alpha  radiation 
emitter.  In  turn,  alpha  emitters  are  of  most 


concern  when  the  material  particle  size  is  a 
few  microns  diameter  and  thus  easily  inhaled 
or  ingested.  Just  a  few  of  these  small  parti¬ 
cles  represents  enough  inhalation  material  to 
be  extremely  hazardous.  Therefore,  large 
pieces  of  this  material  can  become  very 
dangerous  if  only  a  small  amount  is  suffi¬ 
ciently  pulverized  by  impact. 

The  preceding  remarks  imply  a  need  tc 
know  the  impact  characteristics  of  radio¬ 
isotope  fuels  so  that  the  safety  of  any  space 
application  can  be  realistically  appraised. 
Eventually  an  experimental  verification  or 
determination  of  fuel  break-up  vs.  impact 
conditions  becomes  necessary.  Because  of 
the  potential  extreme  toxicity  of  the 
PUO2/TI1O2  solid  solution  cermet  (SSC)  fuel 
material,  facilities  for  impact  testing  at 
other  than  mild  impact  conditions  are  virtu¬ 
ally  nonexistent.  A  facility  for  safely  per¬ 
forming  this  type  impact  is  being  developed 
at  Sandia  Laboratories  and  has  been  named 
the  Isotope  Fuel  Impact  Facility  (IFIF).  The 
target  date  for  having  the  facility  qualified 
for  impacting  materials  containing  Pu  238  is 
December,  1970. 

The  IFIF  is  intended  to  be  used  to 
characterize  fuel  form  break-up  and  to 
characterize  fuel  simulant  break-up.  If  a 
less  hazardous  simulant  can  be  found  that 
will  reasonably  represent  actual  fuel 


This  work  was  supported  by  the  United  States  Atomic  Energy  Commission. 
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it-iuv  u>r  under  iusiwi,  idimet  testing  can  be 
iK-rfornu-d  on  si-'  -a  tnis  at  facilities  not 
«-quipp?d  to  safely  handle  actual  fuel.  Other 
Aiiniti ant  advantages  wimid  t«5-  availability, 
hr*  cost  and  less  stringent  material  account¬ 
ability  requirements. 

The  initial  impact  test  specifications  wrich 
determined  tlie  facility  design  were: 

1.  Im|<act  the  fuel  forms  at  a  maximum 
velocity  of  600  ft/ sec.  and  pre-heat 
the  fuel  forms  to  a  maximum  temper¬ 
ature  of  I,  000  V.  These  two  con¬ 
straints  were  initially  considered 
reasonable  maximums  for  earth 
surface  terminal  velocities  and  oper¬ 
ating  and/or  aerodynamic  heating 
induced  temperatures.  More  recent¬ 
ly  the  temperature  requirement  has 
increased  to  2, 000°F  with  2,  500°F  as 
an  ultimate  goal. 

2.  Prevent  pustimpact  fuel  residue  from 
contamination  by  or  entrapment  in 
foreign  materials.  This  is  necessary 
because  fuel  break-up  is  determined 
by  sorting  and  counting  ail  the  fuel 
remaining  after  impact.  The  residue 
is  mechanically  sieved  through  a 
series  of  screens  with  a  10-micron 
sieve  mesh  opening  being  the  finest 
screen  used.  Particles  which  pass 
the  10-micron  sieve  are  further 
sorted  and  counted  by  other  means 
down  to  0. 1  micron  ’  size"  particles. 
Particles  below  0. 1  micron  are  a 
separate  category  and  only  the  mass 
fraction  of  this  category  is  deter¬ 
mined.  This  fines  analysis  process 
is  impaired  by  foreign  materials 
because  additional  separation  proce¬ 
dures  must  be  used  throughout  the 
process. 

3.  Establish  fuel  form  orientation  rela¬ 
tive  to  the  impact  surface  without 
mechanical  connections  to  the  fuel 
forms.  This  constraint  eliminates 
any  false  contribution  to  or  restric¬ 
tion  of  fuel  break-up  that  might  be 
created  by  spring  clamps,  positioning 
wires,  bond  joints,  etc.,  and  also 
eliminates  one  source  of  possible 
fuel  residue  contamination  or  entrap¬ 
ment. 


4.  Guarantee  safety  of  tiie  personnel  and 
environment  surrounding  the  test  area 
by  sufficient  multiple  or  concentric 
containment  of  the  toxic  material. 

The  IF  IF  uses  triple  concentric  con¬ 
tainment  to  satisfy  this  requirement. 
The  primary  and  tertiary  containment 
are  established  before  a  test  is  con¬ 
ducted  and  the  secondary  containment 
is  formed  during  a  test. 

VERTICAL  AIR  GUN  SEQUENTIAL  DETAIL 

The  resultant  IF  IF  uses  a  vertical  air  gun 
and  auxiliary  hardware  as  shown  in  Fig.  1  to 
conduct  the  fuel  impacts.  The  air  gun 
launches  a  piston  which  in  turn  carries  a  fuel 
container  assembly  shown  in  position  atop  the 
piston  in  Fig.  !  and  shown  in  detail  in  Fig.  2. 

The  best  way  to  explain  the  vertical  air 
gun  and  associated  hardware  is  to  first  run 
through  the  sequence  of  events  which  takes 
place  during  a  typical  test  and  then  indi¬ 
vidually  discuss  the  hardware  components, 
hear  in  mind  that  the  object  of  the  test  is  to 
impact  the  fuel  specimen  against  the  fuel 
impact  surface  shown  in  Fig.  2. 

Primary  container  hardware  is  shipped 
to  another  laboratory  where  the  fuel  specimen 
is  placed  inside  and  the  primary  container 
is  sealed  fay  welding.  The  container  and  fuel 
specimen  are  returned  and  a  fuel  container 
assembly  is  built  up  and  positioned  atop  a 
piston.  The  piston  and  assembly  are  placed 
in  launch  position  and  electrical  power  is 
applied  to  the  blanket  heater  to  bring  the 
primary  container  and  fuel  specimen  up  to 
temperature.  When  test  temperature  has 
been  reached  and  the  necessary  soak  time 
has  elapsed,  the  compressed  air  reservoir  is 
remotely  pressurized  to  the  desired  level. 
High  pressure  air  is  dumped  into  the  trigger 
air  line  thus  forcing  the  piston  off  the  pi3tcn 
seat  and  allowing  the  fire  air  access  to  the 
bottom  of  the  piston.  The  fire  air  acceler¬ 
ates  the  piston  and  fuel  container  assembly  up 
the  air  gun  barrel  to  achieve  test  velocity. 

The  pit,  ion  and  fuel  container  assembly  exit 
the  gun  barrel  and  fire  air  begins  venting 
through  vent  holes  in  the  spacer  and  guide 
can  as  shown  in  Fig.  3.  Shortly  after  the 
base  of  the  piston  clears  the  air  gun  barrel 
muzzle,  the  piston  intercepts  the  internally 
tapered  catch  tube  and  the  fuel  container 
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Fig.  ?.  -  Fuel  Container  Assembly  Schematic 


assembly  continues  on  trajectory.  The  piston 
swages  into  the  catch  tube  and  in  the  process 
form-,  a  metal -to- metal  seal  which  completes 
and  slightly  pressurizes  the  secondary  con¬ 
tainment  of  the  fuel  specimen.  The  secondary 
container  consists  of  the  piston,  catch  tube 
and  adaptor  plate  (Fig.  1 )  and  can  be  removed 
from  the  reaction  mass  and  handled  as  a  unit. 
The  piston/  catch  tube  impact  approximates  a 
perfectly  inelastic  impact  and  initiates  the  up¬ 
ward  reaction  mass  displacement  inside  the 
guide  can  as  shown  in  Fig.  4.  The  fuel  con¬ 
tainer  assembly  meanwhile  has  been  in  free 
flight  inside  the  secondary  container  and  now 
impacts  the  cutter  and  drives  the  cutter 
through  eight  metal  shear  bars.  The  fuel 
specimen  separates  from  the  bottom  of  the 
primary  container  and  begins  displacing  up¬ 
ward  relative  to  the  container  as  soon  as  the 
container  contacts  the  cutter.  The  metal 


Fig.  3  -  Piston  Impact  and  Release  of 
Fuel  Container  Assembly 


Fig.  4  -  Impact  of  Fuel  Container 

Assembly  and  Fuel  Specimen 


shear  bars  decelerate  the  primary  container 
in  a  controlled  manner  such  that  the  container 
is  at  2ero  velocity  relative  to  the  reaction 
mass  or  rebounding  from  the  reaction  mass 
when  the  fuel  specimen  impacts  the  top  inside 
container  surface. 

The  relative  impact  velocity  between  the 
fuel  specimen  and  primary  container  *s  essen¬ 
tially  the  maximum  piston  velocity  vector  re¬ 
lative  to  ground  minus  the  primary  container 
velocity  vector  relative  to  ground  at  the  time 
of  impact.  The  container  velocity  direction 
relative  to  ground  can  be  vertically  upward 
or  downward  depending  on  how  the  container 
rebounds  off  the  reaction  mass.  In  any  event, 
the  rebound  and  reaction  mass  velocities  are 
so  small  compared  to  maximum  piston  veloci¬ 
ty  that  they  are  in  practice  neglected. 

After  all  the  various  force  inputs  to  the 
reaction  mass  are  over,  the  reaction  mass 
continues  displacing  upwards  converting  all 
the  energy  it  has  acquired  to  potential  energy. 
The  reaction  mass  acquires  energy  from  the 
piston  and  fuel  container  assembly  Impacts 
and  from  the  fire  air  which  is  expanding  up 
the  air  gun  barrel  and  out  onto  the  bottom  of 
the  reaction  mass  for  many  milliseconds  after 
all  the  various  impacts  occur.  When  the  re¬ 
action  mass  reaches  zero  velocity  and  tries 
to  start  back  down,  the  ball  lock  mechanism 
(Fig.  1)  engages  the  guide  can  and  retains  the 
reaction  mass.  The  ball  lock  mechanism  is 
a  mechanical  diode  in  that  it  restricts  relative 
displacement  between  the  reaction  mass  and 
guide  can  to  one  direction. 

After  the  test  is  over,  environmental 
health  personnel  make  the  .necessary  radio¬ 
activity  checks  and  facility  disassembly  pro¬ 
ceeds  accordingly  until  the  primary  container 
is  reached.  The  primary  container  and  fuel 
residue  are  sent  to  a  laboratory  equipped  to 
handle  the  fuel,  and  the  container  is  machined 
open  and  a  fines  analysis  is  performed.  In 
the  event  of  primary  container  failure,  the 
secondary  container  would  be  sent  to  the  same 
laboratory  for  disassembly  and  fuel  recovery. 
A  fines  analysis  would  not  be  possible. 

VERTICAL  AIR  GUN  COMPONENT  DETAIL 

The  air  gun  was  designed  to  fire  vertically 
upward  so  that  the  third  basic  test  specifica¬ 
tion,  as  mentioned  in  the  introduction,  could 
be  met.  That  is,  establish  the  fuel  specimen 
orientation  relative  to  the  impact  surface 
without  using  mechanical  connections  to  the 
fuel  forms.  The  primary  container  internal 


geometry  and  gravity  are  used  to  determine 
the  initial  fuel  specimen  orientation.  Internal 
geometry  plus  piston  acceleration  ere  used  to 
maintain  fuel  specimen  orientation  following 
piston  launch. 

The  basic  air  gun  consists  of  a  compressed 
air  reservoir,  a  port  valve  and  a  barrel.  The 
air  reservoir  is  T-shaped  in  the  horizontal 
plane  and  is  «  welded  assembly  made  up  of  10- 
inch  steel  pipe  and  fittings.  The  T-shape 
provides  a  stable  structural  foundation  for  the 
gun  and  is  clamped  to  a  large  foundation  plate. 
A  vertical  riser  takes  off  from  the  leg  of  the 
T  and  terminates  with  an  8-inch  pipe  flange 
fitting.  The  port  valve  sits  on  top  of  the  air 
reservoir  flange  and  is  nothing  more  than  a 
housing  and  structural  support  for  the  piston 
seat  and  a  structure  which  provides  air  flow 
passages  around  the  piston  seat  into  the  gun 
barrel.  The  fire  air  occupies  a  volume  of 
eight  cubic  feet  within  the  air  reservoir  and 
port  valve  and  is  limited  to  a  maximum  work¬ 
ing  pressure  of  1, 500  psi.  The  gun  barrel 
sits  atop  the  port  valve  and  is  terminated  at 
each  end  with  an  8-inch  steel  pipe  flange. 

The  bottom  barrel  flange  and  the  air  reser¬ 
voir  flange  me  Lieu  LugcLhcr  by  eight  1  5/  2 
inch  stud  bolts  and  the  port  valve  is  com¬ 
pressed  between  the  two  flanges  as  the  stud 
bolts  are  tensioned. 

Two  port  valve  options  are  available. 

Mod  I  is  nominally  12  inches  high  by  12  inches 
outside  diameter  and  is  not  accessible  when 
assembled  between  the  barrel  and  reservoir 
except  through  the  barrel  muzzle.  Mod  II  is 
approximately  30  inches  high  and  equipped 
with  a  concentric  sleeve  around  the  outside  of 
the  valve  which  will  displace  vertically  and 
provide  access  to  the  fuel  container  assembly 
and  top  of  the  piston.  This  access  can  be 
used  for  final  adjustment  of  the  fuel  container 
assembly,  for  inplace  X-ray  of  the  fuel  speci¬ 
men  to  verify  pre-launch  orientation,  and  for 
routing  of  thermocouple  and  heater  power 
cables  through  the  port  valve  wall,  but  the 
piston  and  fuel  container  assembly  nr.  t  still 
be  muzzle  loaded.  Both  port  valves  a.  -  mild 
steel  weldments  with  a  1,  500  psi  internal 
working  pressure  rating  that  is  compatible 
with  the  air  reservoir  rating.  Mod  I  can  be 
seen  between  pipe  flanges  and  among  stud  bolts 
in  Fig.  5  and  Mod  II  is  shown  in  Fig.  6. 

The  gun  barrel  is  8-1/2  feet  long  overall 
and  consists  of  a  length  of  8-inch  schedule  80 
steel  pipe  and  two  8-inch  steel  pipe  flanges 
all  welded  together.  The  weldment  is  smooth 
bored  to  a  7.72-inch  diameter. 
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Fig-  5  -  Ground  Level  Checkout  Installation 
of  Vertical  Air  Gun 


Fig.  ft  -  Mod  II  Port  Valve 


The  piston  serves  three  functions  which  all 
affect  the  piston  design.  It  is  used  as  a  sup¬ 
port  for  the  fuel  container  assembly,  as  the 
only  moving  part  in  the  valving  of  the  c  om¬ 
pressed  air,  and  as  a  structural  member  of 
the  secondary  containment.  The  piston  is 
shown  in  Fig.  7.  It  is  nominally  7.  70  inches 
outside  diameter  by  8  inches  long.  The  top  of 
the  piston  is  counterbored  to  accept  thermal 
insulation  to  protect  it  from  the  not  primary 
container  and  the  bottom  is  counterbored  for 
weight  reduction.  Two  O-ring  grooves  are 
machined  in  the  piston  such  that  with  the  pis¬ 
ton  in  launch  position  one  O-ring  seals  at  the 
piston  seat  and  the  other  seals  against  the 
port  valve  interior  just  above  the  air  flow 
passages.  As  mentioned  previously,  the  pis¬ 
ton  is  muzzle  loaded  and  forced  down  the 
length  of  the  barrel  until  it  bottoms  out  in  the 
port  valve  piston  seat.  The  piston  seals  are 
checked  by  pulling  a  vacuum  first  on  the 
trigger  air  line  and  then  on  the  air  reservoir. 
The  22  pound  piston  is  condition  "O"  alumi¬ 
num  alloy  (2024)  because  of  weight  considera¬ 
tions  and  because  this  material  flows  nicely 
and  forms  a  good  metal-  to-metal  seal  un  dvr 
dynamic  loading  into  the  catcl  tube,  v'erticai 
air  gun  proof  tests  over  the  12  5  to  600  ft/  sec 
velocity  range  have  shown  that  the  soul  formed 
between  the  piston  and  catch  tube  has  a  leak 
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Fig.  7  -  Piston  and  Thermal  Insulation 

Which  Fits  in  Top  Piston  Counterbore 

-4 

rate  less  than  10  cc  of  helium  per  second  at 
standard  temperature  and  1  atmosphere  presr 
sure  differential.  At  all  but  the  lowest  velo¬ 
cities  a  600,  000  pound  hydraulic  press  is  not 
capable  of  removing  the  piston  from  the  catch 
tube  unless  the  piston  stress  is  first  relieved 
by  uriliing  a  large  hole  through  the  ptsion. 

Even  after  being  drilled  out,  several  hundred 
thousand  pounds  of  force  are  required  to  press 
out  the  piston. 
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Tlie  fuel  container  assembly  shown  in  Fig. 

8  consists  of  the  primary  container  (A  in  Fig. 

8)  with  the  fuei  specimen  inside,  a  blanket 
heater  (B  in  Fig.  8),  annular  rings  of  Johns- 
Maruville  Min-X  2, 000°F  iliermal  insulation 
(C  in  Fig.  8),  a  transite  shell  (D  in  Fig.  8). 
and  fiberfrax  thermal  insulation  (E  in  Fig.  8). 

The  primary  container  shown  weighs  about 
3-1/2  pounds  and  is  built  of  15-5  precipitation 
hardened  stainless  Steel  because  of  its  good 
strength  at  temperature  and  oxidation  resist¬ 
ance  up  to  1.  000  F.  Since  the  fuel  specimen 
is  placed  inside  the  primary  container  and  the 
container  is  welded  shut  at  a  location  other 
than  the  test  facility,  the  container  internal 
geometry  must  be  such  that  the  fuel  specimen 
can  be  oriented  properly  within  the  container 
without  having  visual  access  to  the  operation. 
This  same  geometry  must  maintain  fuel  orien¬ 
tation  throughout  the  test.  'T”.e  present  test 
program  calls  for  ori  -..iing  a  2. 12-inch  dia¬ 
meter  by  0.22-inch  thick  fuel  disk  at  every 
22-l/2-degree  interval  between  edge  on  and 
flat  on.  At  present,  test  temperatures  have 
not  exceeded  1,  000  F  and  the  15-5  PH  con¬ 
tainers  have  survived  the  test  environment. 
Preliminary  results  indicate  that  similar  con¬ 
tainers  of  Haynes-25  alloy  will  be  usable  to 

1,  500°F.  Container  materials  for  2, 000°F 
have  not  been  tested  in  the  facility  but  a  T-lll 
alloy  is  under  consideration.  Low  strength 
and  high  oxidation  rates  at  temperature  will  be 
serious  material  constraints  at  the  high 
temperatures.  The  oxidation  problem  can  be 
limited  by  providing  an  inert  atmosphere  in¬ 
side  the  air  gun  barrel  and  inside  the  primary 
container.  The  low  strength  problem  is  more 
difficult  as  the  primary  container  stopping  ac¬ 
celeration  runs  as  high  as  50, 000  g's.  The 
solution  will  probably  require  designs  relying 
on  a  relatively  fragile  looking  structure  aft 

of  the  impact  end  and  massive  primary  con¬ 
tainer  deformation. 

The  blanket  heater  is  a  400-watt,  220-volt 
electric  resistance  heater  capable  of  1,  600°F 
and  sized  to  fit  the  cylindrical  surface  of  the 
primary  container.  Similar  heaters  can  be 
purchased  with  temperature  capabilities  to 

2,  000°F.  The  electrical  leads  from  the 
heater  exit  the  top  of  the  fuel  container  assem¬ 
bly  (Fig.  9)  and  are  routed  either  out  the  port 
valve  wall  or  up  the  gun  barrel  and  out  the 
muzzle. 

Thermal  insulation  is  positioned  all 
around  the  primary  container  and  blanket 
heater  to  reduce  heat  loss  and  protect  nearby 
aluminum,  rubber  O-rings  and  low  carbon 
steel  parts  from  the  high  temperatures.  The 


Fig.  8  -  Typical  Components  for  a  Fuel 
Container  Assembly: 

A.  Primary  Container 

B.  Blanket  Healer;  C.  Min-K 
D.  Transite;  E.  Fiberfrax 


Fig.  9  -  Typical  Fuel  Container  Assembly 
in  Position  on  a  Piston 

Fiberfrax  thermal  insulation  is  a  cotton  like 
substance  good  to  2,  000°F  used  to  fill  irregu¬ 
larly  shaped  volumes  around  the  primary  con¬ 
tainer.  The  transite  is  a  pressed  asbestos- 
fiber  based  material  with  fair  strength  and 
thermal  insulation  characteristics  to  a  temper¬ 
ature  of  750°F  or  so.  The  transite  cylindrical 
shell  is  used  to  house  the  remainder  of  the 
fuel  container  assembly  as  shown  in  Fig.  9. 
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Tiie  spacer  is  shown  in  Fig.  10  and  pro* 
vldes  a  stand  off  between  the  catch  tube  and 
upper  barrel  flange  as  well  as  concentric 
alignment  between  all  three  parts.  The  stand 
off  is  required  to  allow  fire  air  venting  to 
begin  before  the  pistcn  impacts  the  catch  tube. 
Otherwise  the  fire  air  imparts  too  much 
energy  to  the  reaction  mass  to  be  able  to 
maintain  a  reasonable  guide  can  length..  The 
spacer  is  a  mild  steel  tubular  weldment  gener¬ 
ously  vented  fer  passage  of  fire  air  and  for 
optical  access  by  photographic  equipment  to 
the  piston  and  fuel  container  assembly  prior 
to  piston/ catch  tube  impact. 


Fig.  10  -  Muzzle  End  of  Air  Gun  Barrel  in 

Ground  Level  Checkout  Installation 

The  catch  tube,  shown  in  Fig.  11,  Is  a  300- 
pound  hollow  cylinder  18-inches  long  by  12- 
inches  outside  diameter.  The  tube  has  a  5° 
internal  taper  at  the  end  which  receives  the 
piston.  The  tube  material  is  D6A-C  alloy 
heat  treated  to  Rc  35.  This  heat  treat  results 
in  u  tough  material  with  a  tensile  yield 
strength  around  120,  000  psi  and  the  capabili¬ 
ty  withstanding  the  piston  impact  without 
suffering  permanent  strain.  Experience  has 
shown  that  the  piston/  catch  *ube  seal  can  be 
verified  remotely  by  monitoring  the  hoop 
strain  at  the  bottom  of  the  catch  tube  and  as¬ 
certaining  that  it  attains  and  maintains  an  ex¬ 
pected  strain  level.  The  upper  end  of  the  tube 


Fig.  II  -  Catch  Tube  and  Adaptor  Plate  with 
Piston  Swaged  into  Tube 

receives  the  metal  shear  and  adaptor  plate, 
and  an  O-ring  seal  exists  between  the  metal 
shear  and  catch  tube.  An  access  hole  ’.las 
been  machined  through  the  wall  of  the  catch 
tube  no  that  an  air  valve  and  small  HEPA 
filter  can  be  attached  as  shown  in  Fig.  11. 
This  feature  is  provided  so  that  after  a  test 
the  secondary  container  overpressure  may  be 
vented  through  the  filter  and  the  filter  checked 
for  radioactivity  indicating  a  pri  ..  .ry  con¬ 
tainer  failure. 

The  metal  shear  is  a  piece  of  hardware 
for  stopping  the  primary  container  in  the  req¬ 
uisite  time  without  unduly  loading  the  con¬ 
tainer.  It  is  shown  in  Fig.  12  with  three 
of  the  metal  shear  bars  and  bar  holders  re¬ 
moved  for  clarity.  The  metal  shear  is  used 
in  conjunction  with  a  cutter  which  is  a  disk 
shaped  piece  of  hardened  4340  steel  alloy  with 
a  cutting  edge  on  the  outer  periphery.  The 
cutter  is  bonded  to  the  meta!  shear  with  the 
cutting  edge  in  contact  with  the  leading  edges 
of  the  metal  shear  bars  shown  in  Fig.  12. 
When  the  primary  container  impacts  the 
cutter,  it  drives  the  cutter  through  the  eight 
shear  bars  thus  stopping  the  container.  The 
fuel  specimen  must  traverse  two  inches  or 
more  inside  the  primary  container  to  reach 
its  impact  surface,  and  the  shear  bar 
thickness  is  adjusted  to  stop  the  container  in 
less  than  an  inch.  As  much  as  2-1/2  inches 
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Fig.  12  -  Metal  Shear  Shown  with  Three  Metal 
Shear  Bars  and  Holders  Removed 

thickness  of  the  1018  mild  steel  shear  bar 
metal  is  sheared  to  stop  a  3-1/?, -pound  con¬ 
tainer  from  600  ft/sec.  The  original  attempt 
to  use  this  technique  was  to  have  the  cutter 
moving  with  the  container,  bur  it  was  found 
that  the  cutter  would  not  maintain  pr^er 
orientation  and  penetrate  all  the  shear  bars 
equally.  This  type  of  difficulty  disappeared 
when  the  cutter  was  mounted  to  the  shear 
bars.  The  cutter  mass  was  minimized  to  re¬ 
duce  the  primary  container/ cutter  impact 
severity.  The  metal  shear  fits  inside  the  top 
end  of  the  catch  tube  and  is  attached  to  the 
catch  tube  by  eight  1/2 -inch  bolts  which  pick 
up  the  bolt  circle  in  the  metal  shear  flange  and 
sandwich  the  flange  between  the  adaptor  plate 
and  the  catch  tube. 

The  adapter  plate  is  shown  bolted  to  the 
top  of  the  catch  tube  in  Fig.  1 1  and  is  a  one- 
inch  thick  mild  steel  plate  which  picks  up  a 
bolt  pattern  or  the  bottom  of  the  reaction  mass 
and  the  bolt  pattern  on  the  top  of  the  catch 
tube.  It  car.  be  unbolted  from  the  reaction 
mass  without  being  unbolted  from  the  catch 
tube  but  the  reverse  is  not  true. 

Thu  reaction  mass  is  a  solid  steel  cylinder 
approximately  19-inches  in  diameter  by  34- 
inches  long  and  weighs  2,  700  pounds.  It  dis¬ 
places  upwards  inside  the  guide  can  and  is  re¬ 
tained  at  apogee  by  the  row  of  spring  loaded 
Dalis  that  run  on  a  5°  taper  machined  into  the 
reaction  mass  as  shown  in  Fig,  13.  The 
guide  car.  is  a  mild  steel  tube  20  inches  outside 
diameter  by  1/2 -inch  wall  thickness  which  is 
well  vented  for  air  flow  and  photography.  The 
guide  can  is  also  shown  in  Fig.  13.  Approxi¬ 
mately  700  psi  fire  pressure  is  required  to 
achieve  600  ft/ sec  with  a  28-pound  total  launch 


Fig.  13  -  Reaction  Mass  and  Guide  Can 

weight.  These  conditions  result  in  a  reaction 
mass  displacement  of  34  inches  which  is  about 
as  far  as  you  can  comfortably  go  with  existing 
hardware.  A  quick  calculation  shows  that  the 
launch  mass  momentum  alone  would  result  in 
a  reaction  mass  displacement  of  only  5-1/2 
inches.  The  rest  of  the  displacement  is 
caused  by  fire  air  expansion.  To  accommo¬ 
date  higher  fire  pressures,  test  velocities,  or 
launch  weights,  the  reaction  mass  could  be 
significantly  increased  by  using  a  more  dense 
material,  the  guide  can  could  be  lengthened, 
or  the  spacer  stand  off  distance  could  be 
increased. 

MISCELLANEOUS  FACILITY  DETAILS 

One  critical  facility  performance  charac¬ 
teristic  is  to  stop  the  primary  container  prior 
to  fuel  specimen  impact.  The  hardware  con¬ 
figuration  will  not  allow  direct  observation  of 
this  phenomena,  it  is  possible  to  calculate  at 
what  time  the  fuel  impact  occurs  if  you  are 
willing  to  make  assumptions  of  the  force-time 
input  to  the  container,  but  such  calculations 
need  verification.  The  best  verification  is 
provided  by  measurements  of  the  metal  shear 
bar  compressive  strain  during  container  de¬ 
celeration  and  the  length  of  metal  which  is 
sheared.  The  container  stop  time  is.  the 
same  as  the  compressive  stress  duration  in 
the  metal  shear  bar.  The  time  of  flight  of 
the  fuel  specimen  inside  the  container  is  the 
fuel  specimen  free  flight  distance  inside  the 
container  plus  the  shear  distance  required  to 
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stop  the  container  divided  by  maximum  piston 
velocity.  A  comparison  of  these  two  times 
produces  the  desired  verification. 

Another  question  o'  interest  is:  Did  the 
fuel  specimen  impact  it  the  proper  orienta¬ 
tion?  This  question  if.  answered  by  observa¬ 
tion  of  the  impact  surface  after  the  container 
has  been  opened  and  ike  fuel  removed.  The 
indentation  left  in  the  target  surface  by  the 
fuel  specimen  impact  can  be  measured  to 
verify  orientation. 

!t  appears  that  the  primary  limitation  of 
this  whole  general  test  technique  is  the  maxi¬ 
mum  temperature  environment  that  can  be 
provided.  At  some  high  temperature  the 
structural  integrity  of  the  primary  container 
is  nil  and  any  breech  of  the  primary  contain¬ 
ment  voids  any  chance  of  performing  the  de¬ 
sired  fines  analysis.  One  way  of  eliminating 
this  constraint  would  be  to  devise  a  facility 
where  only  the  fuel  specimen  is  heated  and 
material  strength  at  temperature  thus  would 
not  be  as  great  a  concern.  Also,  the  impact 
variable  at  target  temperature  would  be 
eliminated  from  test  data.  The  IF  IF  could 
be  used  in  this  manner  after  some  modifica¬ 
tion  except  that  it  is  not  located  where  the 
handling  of  bare  fuel  specimens  is  permis¬ 
sible.  Such  an  impact  scheme  is  possible  by 
using  quick  heat  source  removal  and  fuel 
specimen  multiple  containment  that  is  gener¬ 
ated  at  the  time  of  the  test  in  a  manner  simi¬ 
lar  to  the  IF  IF  secondary  containment. 

The  present  test  program  and  related 
hardware  requires  accelerating  approximate¬ 
ly  28  pounds  to  a  maximum  of  600  ft/sec. 

The  air  gun  is  capable  of  accelerating  60  to 
70  pounds  to  600  ft/sec  and  the  air  flow  char¬ 
acteristics  out  of  the  reservoir  and  through 
the  port  valve  are  probably  good  enough  to 
accelerate  lighter  weight  projectiles  to  some¬ 
where  in  the  800  to  1000  ft/ sec  range.  This 
general  capability  could  be  used  to  conduct 
higher  velocity  impacts  or  turn-around  im¬ 
pacts  where  the  impact  target  is  fired  into  a 
stationary  test  item. 

CHAMBER  DETAILS 

Considering  only  the  hardware  that  has 
been  described  so  far,  a  simultaneous  failure 
of  the  primary  and  secondary  containment  is 
possible  and  such  an  went  could  create  a 
dangerous,  environment.  For  this  reaBon,  it 
was  decided  to  operate  the  vertical  air  gun 
inside  an  underground  sealed  chamber  which 
would  provide  tertiary  safety  containment  of 


the  toxic  material.  Then  if  both  the  primary 
and  secondary  containment  fail,  environmen¬ 
tal  health  personnel  would  assume  control  of 
the  facility  and  a  lengthy  decontamination 
procedure  would  begin. 

The  resultant  overall  facility  is  shown 
schematically  in  Figure  14.  All  the  fire  air 
is  dumped  into  the  chamber  whenever  a  test 
is  conducted  and  the  chamber  is  capable  of 
accepting  this  gas  expansion.  Referring  to 
Fig.  14,  the  chamber  usage  during  a  test  is 
nominally  as  follows: 

1.  Prepare  the  vertical  air  gun  for 
testing,  begin  heating  the  fuel 
specimen,  and  close  up  the  chamber. 

2.  Close  the  two  positive  seal  butterfly 
valves  and  open  the  bypass  valve. 

3.  Start  me  blower  and  verify  chamber 
seals. 

4.  Finish  temperature  conditioning, 
pressurize  the  air  gun  reservoir  and 
fire  the  air  gun  thus  pressurizing  the 
chamber  to  a  maximum  of  4. 8  psi 
above  the  initial  chamber  pressure. 

5.  Wait  for  the  air  to  pass  through  the 
bypass  valve,  filter  system  and 
blower.  The  function  of  the  bypass 
valve  is  to  regulate  the  pressure 
applied  to  the  filter  system. 

6.  Check  the  filter  system  to  verify  no 
radioactivity  anc  open  the  butterfly 
valves  to  continue  chamber  purge 
and  radioactivity  check. 

7.  Open  chamber  and  begin  vertical  air 
gun  disassembly  when  tertiary  con¬ 
tainer  has  been  verified  as  being  free 
of  toxic  material. 

The  chamber  is  a  25,  000-pound  cylindrical 
vessel  with  a  12-foot  internal  diameter  and 
22 -foot  depth  yielding  a  chamber  volume  of 
approximately  2,  500  cubic  feet.  The  chamber 
walls  are  3/  16-thick  rolled  steel  sheet  backed 
up  by  a  4-inch  thickness  of  reinforced  con¬ 
crete  and  dirt  fill.  The  chamber  lid  and 
bottom  are  basically  one  inch  steel  plate  with 
generous  stiffening  structure  added.  The 
chamber  is  shown  in  Fig.  1 5  just  prior  to 
implantation.  The  lid  has  two  access  hatches, 
as  seen  in  Fig,  16.  One  hatch  is  located  near 
the  periphery  and  is  used  by  personnel  while 
the  other  hatch  is  located  in  th§  center  of  the 
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lid  and  used  for  sir  gun  hardware  assembly. 
The  chamber  sits  atop  a  twelve-inch  thick  re¬ 
inforced  concrete  pad.  All  of  the  chamber 
welds,  ducting  and  ducting  welds  were  helium 
leak  checked  and  X-rayed  before  being  in¬ 
stalled  underground.  The  8-inch  chamber 
inlet  and  outlet  ducts  feed  a  filter  system  con¬ 
sisting  of  a  24"  x  24"  X  2"  FARR  J-12  course 
filter  which  is  backed  up  by  a  24"  x  24"  x  12" 
liigh-efficiency  particulate  air  (HEPA)  filter. 
The  system  will  remove  all  particles  larger 
than  0.3  microns.  The  filters  are  housed  in 
a  metal  structure  which  provides  a  test  hole 
for  radiation  detection  equipment.  A  1,  000 
cfm  squirrel  cage  blower  is  used  for  air 


circulation.  The  chamber  interior  is  equipped 
with  a  full  diameter  work  platform  at  mid- 
depth  and  spiral  staircases  leading  to  the  work 
platform  and  chamber  bottom.  The  heml- 
chambers  partitioned  off  by  the  work  platform 
are  individually  lighted.  The  chamber  walls 
are  penetraiad  by  compressed  air  lines, 
electrical  power  lines,  instrumentation  cables, 
and  electrical  control  cables.  An  overhead 
4-ton  monorail  crane  is  provided  to  support 
routine  test  assembly  and  to  install  and  re¬ 
move  all  hardware  inside  the  chamber-  when¬ 
ever  necessary. 
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A  REVERBERATION  CHAMBER  FOR  USE  AT  REDUCED  PRESSURES 


M.H.  Hieken,  J.N.  Olson,  and  G.W.  Olmsted 
Me  Don  nett  Aircraft  Company 
St.  Louis,  Missouri 


A  reverberation  chamber  with  an  internal  volume  of  M3  cubic  feet  has  been  designed,  fabricated  and 
evaluated.  This  chamber  has  the  unique  property  that  it  can  be  used  at  absolute  pressures  below  5  pri,in 
addition  to  normal  operation  at  ambient  pressure. 

Design  and  fabrication  of  the  chamber  are  described.  The  requirement  to  operate  with  low  internal  pres¬ 
sures  resulted  in  heavy  extend  structural  reinforcement.  Steel  plates  form  the  walls,  and  provide  both 
rigidity  end  low  acoustic  absorption  properties.  A  conventional  mechanical  vacuum  pump  is  used  to 
evacuate  the  dumber  to  the  required  internal  pressures. 

The  results  of  evaluation  tests  of  the  chamber  are  presented  and  applications  for  the  chamber  ate  described. 


INTRODUCTION 

Long  duration  space  missions  planned  for  this  decade  will 
demand  greatly  improved  levels  of  crew  comfort.  An  im¬ 
portant  aspect  of  crew  comfort  is  ambient  noise  level.  Noise 
generated  by  electromechanical  equipment  such  as  fans  and 
blowers  may  be  perfectly  acceptable  in  our  earth  environ¬ 
ment,  but  this  same  noise  might  be  unacceptable  in  a  space¬ 
craft  where  there  is  an  absence  of  the  usual  background 
noises.  A  logical  step  toward  reducing  noise  levels  is  the  meas¬ 
urement  of  acoustic  power  radiated  by  such  potentially 
noisy  equipment.  After  an  acoustic  source  has  been  char¬ 
acterized,  experiments  can  be  performed  to  evaluate  pro¬ 
posed  sound  reduction  materials  and  techniques. 

The  General  Engineering  Division  Laboratories  of  the 
McDonnell  Aircraft  Company  (MCAIR)  recently  designed 
and  placed  in  operation  a  283-cubic-foot  reverberation 
chamber  in  which  to  measure  sound  power  levels  and  to 
evaluate  sound  attenuating  systems.  A  unique  property  of 
the  chamber  is  that  it  can  be  used  at  pressures  from  below 
5  psia  to  14.7  psia  (ambient  pressure). 


DESIGN  AND  FABRICATION 

The  basic  design  of  the  reverberation  chamber  took  into 
consideration  a  number  of  factors: 

•  Acoustic  performance 

•  Operation  at  reduced  pressures 

•  Size 

•  Cost 


Satisfactory  acoustic  performance  of  a  reverberation 
chamber  1 1 )  depends  upon  the  chamber  having  low  absorp¬ 
tion  throughout  the  frequency  range  of  interest.  The  term 
“absorption”  is  used  here  in  the  usual  sense, 

a=aS  (I) 

where  a  is  the  absorption  of  the  chamber,  in  sq  ft, 

S  is  the  exposed  area  in  the  chamber,  and 
a  is  the  absorption  coefficient  of  the 
exposed  area. 

The  use  of  Equation  (I )  in  the  form  shown  implies  that 
the  entire  internal  surface  has  the  same  absorption  coefficient. 
The  absorption  coefficient  a  is  the  fraction  of  acoustic  power 
that  is  lost  to  a  surface  as  a  result  of  sound  impinging  on  that 
surface.  Low  values  of  a  are  associated  with  surfaces  that 
combine  high  rigidity  with  low  porosity.  Accordingly,  rever¬ 
beration  chamber  walls  are  commonly  made  from  smoothly 
finished  concrete  or  steel  plate.  Steel  was  selected  for  the 
chamber  because  it  combines  a  hard,  non-porous  surface  with 
ease  of  fabrication  and  relatively  low  cost. 

A  reverberation  chamber  must  also  provide  a  diffuse  sound 
field.  Such  a  field  is  characterized  by  uniform  sound  energy 
density,  and  by  all  directions  of  propagation  being  equally 
probable.  To  achieve  the  diffuse  field,  an  irregularly  shaped 
chamber  was  chosen.  The  chamber  is  pentagonal  in  shape, 
with  a  door  at  one  end  and  a  pentagonal  pyramid  at  the 
other  end.  This  irregular  shape  provides  a  more  uniform  dis¬ 
tribution  of  modal  density  throughout  the  frequency  band 
than  is  possible  in  a  chamber  with  more  regular  walls.  An 
overall  view  of  the  chamber  is  shown  in  Figure  I . 
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Fig.  1  283  cu  h  Reverberation  Chamber 


Ilk-  requr— ncnt  to  operate  the  chamber  at  internal  pres¬ 
sure  Mow  5  psu  was  the  critical  structural  design  factor. 
Since  the  ultimate  pressure  .  •  which  the  chamber  may  have 
to  be  operated  was  not  known,  the  structural  design  was 
based  on  a  total  vacuum  inside  the  chamber,  or  a  differ¬ 
ential  pressure  (external  minus  internal), of  14.7  psi.  The 
'Hnch-lhick  steel  plates  forming  the  sides  of  the  pentagonal 
section  were  therefore  reinforced  by  a  series  of  external 
pentagonal  frames,  each  made  firm  'i-incli  wall.  4-inch- 
squarc  steel  tubing.  One  frame  is  located  at  each  end  or  the 
chamber,  and  four  frames  are  equally  spaced  between  the 
ends.  The  pentagonal  pyramid  end  is  similarly  reinforced 
with  a  frame  near  the  vertex.  In  addition.  4-inch  channels 
are  welded  along  the  edges  of  the  pyramid.  and  square  tubing 
is  located  on  the  center  of  each  side  ot  tins  section.  Details 
of  the  chamber  structure  are  shown  in  Figure  2. 

The  overall  chamber  sire  was  determined  from  several 
considerations  I  ?| .  First,  the  anticipated  sound  pressure 
levels  that  would  be  produced  in  the  chamber  by  relatively 
quiet  equipment  should  be  sufficient  to  permit  measurement 
with  conventional  microphones.  However,  the  low  frequency 
performance  of  the  chamber  depends  on  the  total  internal 
volume  of  the  chamber,  with  larger  volumes  providing  ex¬ 
tended  low  frequency  range.  Another  factor  was  a  structural 
constraint  resulting  Iron'  the  low-pi  .sure  operation  require¬ 
ment;  the  decision  to  use  flat  sides  for  the  chamber  im¬ 
plied  that  the  chamber  sire  should  he  kepi  to  a  minimum. 
Finally,  the  cost  factor  was  important.  A  substantial  saving 
was  effected  by  designing  into  the  chamber  an  existing  4-foot- 
square  door  assembly  from  an  obsolete  vacuum  chamber. 

The  final  chant  her  design  provided  an  inlcnul  volume  of  ’S3 
cubic  feet .  with  an  internal  surface  area  of  ’52  square  feet 
The  chamber  dimensions  are  shown  in  Figure  5. 


Fig.  2  Structural  Details  of  the  Chamber 


Reverberation  Chamber  Volume  -  283  cu  ft 
I  ntemal  Surface  Area  -  252  cu  ft 

All  Other  Dimensions  in  Inches 


48x48 

Door 


Fig.  3  Chamber  Internal  Dimensions 
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Fabrication  costs  of  the  chamber  were  mmntu/cd  by  nans 
Vmmc  dimensional  tolerances  wherever  posable.  The  inner 
pentagonal  section  was  assembled  from  the  identical  rec¬ 
tangular  plates,  with  virtually  no  tooling  required.  The  pen¬ 
tagonal  pyramid  end  was  made  separately,  using  five  triangular- 
shaped  sections.  The  end  section  required  only  minima]  tool¬ 
ing.  that  being  a  pentagonal  outline  to  insure  that  the  end 
would  properly  mate  with  the  five-sided  center  section.  The 
door-end  of  the  chamber  was  then  built  up  on  the  ihain 
chamber  section  and  the  existing  door  frame  was  welded 
into  place.  All  joints  that  formed  part  of  the  inner  chamber 
were  made  with  full  penetration  welds  and  were  dye-pene¬ 
trant  inspected  to  insure  that  there  were  no  cracks  or  voids 
in  the  welds. 

After  the  chamber  was  fabricated,  the  inner  surfaces  were 
cleaned  with  disc  grinders.  Zinc  chromate  primer  was  applied 
to  the  inner  walls,  and  finish  coats  of  white  epoxy  enamel 
were  applied 

A  Id-inch  viewing  p«-rt  existed  in  the  4-foot  door  used  on 
the  chamber,  this  pore  was  retained,  but  the  frame  for  the 
port  was  modified  by  making  i!  hinged  to  swing  outward. 

Light  springs  are  normally  used  to  keep  the  port  closed,  and. 
when  the  chamber  is  evacuated,  external  pressure  keeps  the 
port  tightly  seeled.  However,  if  the  chamber  were  accidentally 
pressurized,  the  port  would  open,  acting  as  a  pressure  relief 
valve. 

EVA  LUATiON  OF  THF  CHAMBER 

After  the  chamber  fabrication  was  completed,  the  chamber 
was  moved  to  its  present  location  in  the  MCAIR  Acoustics 
Laboratory  Control  Room  for  evaluation  tests.  This  area  has 
an  acceptably  low  ambient  noise  level,  and  the  acoustic  in¬ 
strumentation  needed  for  operation  of  the  chamber  was 
already  located  there. 

Ambient  None  Level  -  A  check  of  the  ambient  sound 
pressure  level  (SPL)  in  the  reverberation  chamber  was  made. 

A  low  ambient  SPL  is  essential  if  an  adequate  signal -to-noise 
ratio  is  to  be  achieved  when  measuring  sound  radiated  from 
test  specimens.  The  overall  ambient  SPL  at  14.7  psi  was 
measured  and  found  to  be  43.8  dB.  with  a  frequency  distribu¬ 
tion  as  shown  in  Figure  4  . 

Vacuum  Operation  —  A  50  CFM  mechanical  vacuum 
pump  has  proven  adequate  to  evacuate  the  chamber.  The 
vacuum  pumping  arrangement  is  shown  in  Figure  5.  The 
chamber  can  be  evacuated  to  $  psia  in  slightly  over  6  min¬ 
utes.  as  plotted  in  Figure  6.  Because  of  the  noise  generated 
by  the  vacuum  pump,  the  pump  is  turned  off  and  the 
chamber  sealed  when  noise  measurements  arc  made.  Chamber 
pressure  can  be  maintained  at  5  psia  lor  long  periods,  as 
indicated  by  Figure  7.  Ample  time  is  available,  with  the  pump 
off.  to  conduct  tests.  The  absolute  minimum  pressure  to 
which  the  chamber  can  be  evacuated  has  not  been  established 
experimentally,  since  no  test  requirements  below  5  psia  have 
yet  been  encountered.  However,  the  door  seals  and  the  in¬ 
tegrity  of  the  welds  indicate  that  the  chamber  could  he  evac¬ 
uated  to  less  than  I  psia  using  only  the  presently  installed 
mechanical  pump. 


n 

£ 

1 

£ 


a. 

* 

I 


o 

e 


i 


60 


40 


20 


£  0 


— 

> 

i 

< 

s 

~n 

n 

Overall  125  250  500  1000  2000  4000  8000 

Octave  Band  Center  Frequency  (Hz) 

Fig.  4  Ambient  None  Level  I  naide  Chamber 


Fig.  6  Chamber  Pump-Down  Characteristics 
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Armalir  Catibretiow  of  Chamber  -  Measurement  of  the 
absorption  coefficient  of  the  chamber  at  ambient  pressure 
was  made  by  conventional  methods  |.t|.  A  warble  tone, 
centered  on  each  of  the  preferred  octave  band  center  fre¬ 
quencies.  was  introduced  into  the  chamber  and  then  abrupt¬ 
ly  stopped.  Decay  of  the  sound  pressure  level  in  the  octave 
hand  was  recorded,  a;kl  the  reverberation  time  was  deter¬ 
mined  by  observing  the  time  required  for  the  level  to  decay 
<i0  dB.  The  absorption  coefficient  a  was  calculated  from  me 
Sabine  equation. 

0.049V 


where  V  is  the  chamber  volume  in  cu  ft, 

S  Is  the  chamber  internal  area  in  sq  ft. 
and  T  is  the  measured  reverberation  time,  in  seconds. 

This  procedure  was  repeated  at  each  octave  band  within 
the  frequency  range  of  interest. 

The  derivation  of  Equation  (2)  depends  only  on  the 
geometric  properties  of  the  chamber  and  the  velocity  of 
sound  in  the  chamber.  Therefore,  in  order  to  apply  Equa¬ 
tion  (2)  for  the  case  in  which  internal  pressure  is  reduced, 
only  the  change  in  the  velocity  of  sound  was  considered. 
The  velocity  of  sound  can  be  determined  from  the  solution 
to  the  wave  equation  and  the  expression  for  the  density  of 
a  gas  in  terms  of  absolute  temperature  and  pressure.  The  re¬ 
sulting  expression  for  air  |4J  is 


Fig.  8  Absorption  Coefficients  of  Chombor 

ber,  three  feet  above  the  floor.  The  chamber  was  driven 
with  a  random  noise  source  at  a  sound  pressure  level  of 
120  dB.  An  octave  band  analysis  of  the  s'gnal  is  plotted  in 
Figure  9.  With  the  chamber  closed,  the  microphone  was 
slowly  moved  across  an  1 8-inch  span  of  the  rail,  and  the 
SPL  variations  were  recorded  as  shown  in  Figure  10.  The  vari¬ 
ation  in  overall  SPL  is  small,  and  well  within  the  tolerances 
of  a  typical  test  specification  such  as  MIL-STD-8I0B.  Method 
515.1  IS). 

The  field  uniformity  was  briefly  checked  with  other 
types  of  chamber  excitation,  ranging  from  pure  sinusoidal 
tones  to  narrow-band  random  signals.  As  expected,  the 
spatial  variation  of  SPL  was  very  pronounced  for  pure 
tones,  and  present  to  a  lesser  degree  for  narrow  band  random 
signals.  Several  investigators  have  recently  reported  on  the 
problem  of  measuring  the  sound  energy  in  chambers  of  this 
type  16,7.8) .  A  closely  related  difficulty  is  that  of  establish¬ 
ing  criteria  for  the  sound  fields  in  reverberation  chambers. 
Evaluation  tests  conducted  in  the  present  chamber  were  not 
addressed  to  these  basic  problems,  but  they  point  out  the 
need  for  additional  analytical  and  experimental  work. 


APPLICATIONS 


c=  1087^1-717171  (3) 

where  c  is  the  velocity  of  sound  in  feet  per  second,  and 
t  is  the  temperature  in  degrees  Centigrade. 

The  temperature  of  the  air  in  the  reverberation  chamber 
stabilizes  at  approximately  ambient  temperature  (20°C!  for 
all  pressure  conditions.  Even  if  the  temperature  changed  as 
much  as  ±  |0°C.  the  change  in  sound  velocity  would  be  on 
the  order  of  I  percent.  Therefore,  Equation  (2)  was  used 
without  modification  to  evaluate  the  absorption  coeffi¬ 
cients  at  reduced  pressure.  Figure  8  shows  the  values  of  ab¬ 
sorption  coefficient  for  each  octave  band,  based  on  meas¬ 
ured  reverberation  times. 

Uniformity  of  Sound  Field  -  The  uniformity  of  the 
sound  field  in  the  chamber  was  also  measured.  For  this  pur¬ 
pose .  a  microphone  was  mounted  on  a  rail  inside  the  chain- 


The  reverberation  chamber  has  proved  its  value  in  the 
measurement  of  acoustic  power  radiated  from  electromechan¬ 
ical  devices.  Evaluation  tests  of  sound  absorbing  materials 
have  also  been  conducted  in  the  chamber.  Potential  uses  of 
the  facility  include  conducting  psychological  and  physiologi¬ 
cal  tests,  and  using  the  chamber  for  high  intensity  acoustic 
environment  tests. 

Noise  Measurements  -  For  measuring  the  acoustic  power 
redialed  from  electromechanical  equipment,  the  test  specimen 
is  suspended  within  the  chamber.  Power  is  supplied  to  it 
through  an  electrical  pass-through  built  into  the  chamber.  A 
microphone  placed  in  the  chamber  detects  the  acoustic  radia¬ 
tion  from  the  specimen.  The  output  of  the  microphone  is 
filtered  with  either  1/3  octave  or  full  octave  filters  and  the 
filtered  outputs  are  recorded  for  each  frequency  band  of 
interest.  The  radiated  acoustic  power  in  each  frequency  band 
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Octave  Band  Center  Frequency  (Hz) 
Fig.  9  Analysis  of  Norte  Signal 
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is  then  calculated  (9)  from 


where  W  is  the  radiated  acoustic  power,  in  watts 
is  the  measured  mean-square  pressure 
S  is  the  surface  area  of  the  chamber 
a  is  the  sound  absorption  coefficient 
and  pQc  is  the  characteristic  impedance  of  the  ait 
in  the  chamber. 

The  sound  power  level  (PWL)  in  dB  is  obtained  from 

PWL=IOLog  <51 

where  W  may  be  cither  of  the  generally  accepted  refer- 

“  I  ^  _  I  1 

ence  power  levels.  10  1  -  or  1 0  IJ  watts  1 1 0| . 

The  same  experimental  procedure  is  used  at  reduced 
chamber  pressures.  In  computing  the  power  levels,  however, 
Equation  (4t  is  corrected  for  the  value  of  characteristic  im¬ 
pedance  at  the  absolute  pressure  in  the  chamber.  Typical 
measurements  of  sound  power  levels  at  ambient  pressure  and 
at  5  psia  are  shown  in  Figure  1 1. 


r 

O  14.7  PSIA 
A  5.0  PSIA 
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Fig.  11  Sound  Power  Levels  of  a  Typical  Small  Fan 

Measurement  of  Absorption  Coefficients  -  The  MCAIR 
.  tcoustics  Laboratory  includes  a  conventional  standing  wave 
apparatus  that  is  used  to  measure  the  normal  acoustic  absorp¬ 
tion  coefficient  of  sound-absorbing  materials.  This  device  is 
designed  to  be  used  at  ambient  pressures.  If  sound  absorbing 
materials  are  proposed  for  use  at  lower  pressures,  it  is  of 
interest  to  determine  the  change  in  absorption  coefficients 
at  those  reduced  pressures.  The  reverberation  chamber  has 
been  found  to  be  satisfactory  for  this  purpose.  The  absorp¬ 
tion  of  the  chamber  walls  is  sufficiently  low  that  a  specimen 
of  relatively  small  area  can  be  used  in  the  chamber.  A  small 
specimen  will  not  or.  troy  the  diffuse  Held  in  the  chamber, 
yet  it  will  provide  a  readily  measurable  change  in  the  rever¬ 
beration  time,  compared  with  the  empty  chamber. 

In  studying  the  variations  of  absorption  coefficients  with 
pressure,  the  material  sample  is  introduced  into  the  chamber 
and  the  reverberation  times  are  measured  as  described  above. 
Values  of  a  can  be  calculated  by  several  methods  111].  An 
example  of  the  variation  of  a  with  pressure  is  shown  in 
Figure  1 2 .  This  data  was  obtained  for  a  pair  of  1 6-inch  by 
25-inch  samples  of  a  compacted  woven-wire  mesh  material, 
backed  by  a  2-inch  layer  of  spun  fiberglass.  The  normalized 
absorption  coefficients  were  obtained  by  selecting  the 
maximum  calculated  value  of  a,  and  dividing  all  other  values 
by  this  maximum  value. 

Psychological  and  Physiological  Tests  -  The  chamber  has 
not  yet  been  used  for  tests  with  human  subjects,  although  it 
is  considered  to  be  suitable  for  such  tests.  Conventional  loud¬ 
speakers  have  been  used  to  produce  >ound  pressure  levels  in 
excess  of  1 25  dB  in  the  chamber,  with  full  control  over  the 
frequency  spectrum.  The  case  with  which  the  sound  field 
in  the  chamber  can  be  controlled  suggests  that  the  chamber 
could  be  used  for  speech  intelligibility  tests  in  the  presence 
of  high  ambient  noise  backgrounds.  Again,  the  low  pressure 
•  -pability  would  permit  such  tests  to  be  conducted  at  pres¬ 
sures  simulating  those  in  an  aircraft  or  spacecraft  cabin. 

High  Intensity  Acoustic  Environment  Tests  -  It  is  antici¬ 
pated  that  the  reverberation  chamber  will  eventually  be  used 
for  conducting  high  intensity  noise  tests.  For  this  purpose, 
it  is  planned  to  install  an  outer  shell  on  top  of  the  4-ineli 
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to  the  rooa  in  which  the  chamber  is  located.  Acoustic  power 
could  be  provided  by  air  stream  modulators.  For  this  pur¬ 
pose,  the  existing  four-foot -square  door  could  be  replaced 
by  a  special  adapter  to  bold  the  born  from  the  acoustic 
source.  Anticipated  sound  pressure  levels  in  the  chamber 
for  available  sound  power  in  each  octave  band  are  plotted  in 
Figure  13.  These  curves  are  based  on  the  measured  absorp¬ 
tion  coefficient  for  each  frequency  band,  but  do  not  take 
into  account  the  losses  that  would  result  from  replacement 
of  the  door  section  with  the  acoustic  source,  or  additional 
losses  through  the  walk  at  high  sound  pressure  levels. 

SUMMARY  AND  CONCLUSIONS 

The  283-cubic-foot  reverberation  chamber  has  satisfactory 
acoustical  characteristics.  In  addition,  the  chamber  has  the 
unique  property  that  it  can  be  used  at  pressures  from  below 
S  psia  to  atmospheric  pressure. 

The  chamber  has  been  used  for  measuring  noise  radiated 
from  electromechanical  equipment,  and  for  studying  the 
acoustic  absorption  properties  of  materials. 

The  design,  fabrication,  and  evaluation  of  this  chamber 
have  indicated  the  need  for  further  study  in  predicting  the 
behavior  of  irregularly-shaped  chambers  of  this  type.  In 
addition,  more  work  should  be  done  on  experimental  evalua¬ 
tion  of  reverberation  chambers. 


1  10  100  1  000  10,000 

Acoustic  Power  Input  (Watts) 

Fig.  13  Predicted  Chamber  SPL  for  Various  Acoustic  Powers 


square  tubes,  and  to  pack  sand  in  the  space  between  tie 
chamber  wall  and  the  outer  shell.  The  packed  sand  would 
add  mass,  provide  additional  damping  for  the  chamber  wads, 
and  increase  the  transmission  loss  from  inside  the  chamber 


200  31S  500  800  1250  2000  3150  5000 
1 /3-Octave  Band  Center  Frequency  (Hz) 
Fig.  12  Absorption  Coefficient  Variations 


212 


REFERENCES 


I.  LE.  Kinsler  and  A.R.  Frey,  Fundamentals  of  Acoustics, 
pp.  420-434.  John  Wiley  and  Sons.  Inc.,  New  York.  I 962 

3.  American  Standard  Method  for  the  Physical  Measurement 
of  Sound,  Standard  S  1.2  - 1962,  |>p.  13-22.  American 
Standards  Association,  New  York,  1962. 

3.  LE.  Kinsler  and  A.R.  Frey,  op.  cit.,  p.  431 

4.  LL  Beranek,  Acoustics,  p.  10.  McGraw-Hill  Book 
Company,  Inc.,  New  York.  !954 

5.  Environmental  Test  Methods,  Military  Standard  MIL- 
STD-8I0B,  June,  1967  (Method  515.1,  Acoustic  Noisci 

6.  J.F.  Milts,  “A  Study  of  Reverberation  Chamber  Charac¬ 
teristics,"  Proceedings  of  the  Institute  of  Environmental 
Sciences.  1967 


7.  D.  Lubman,  "Spatial  Averaging  in  a  Diffuse  Sound  Field," 
Journal  of  the  Acoustical  Society  of  America.  Volume  46, 
Number  3,  September  1969 

8.  M.R.  Schroeder,  "Spatial  Averaging  in  a  Diffuse  Sound 
Field  and  the  Equivalent  Number  of  Independent  Measure¬ 
ments,"  Journal  of  the  Acoustical  Society  of  America, 
Volume  46.  Number  3,  September  1969 

9.  I..E.  Kinsler  and  A.R.  Frey,  op  cit.,  p.  423 

10.  American  Standard  Method  for  the  Physical  Measurement 
of  Sound,  op.  cit.,  p.  15 

11.  LL  Beranek,  Acoustic  Measurements,  pp.  862-864. 

John  Wiley  and  Sons.  Inc..  New  York,  1954 


213 
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An  off-road  vehicle  motion  simulator  was  designed  which  is  suitable 
for  rr.an-in-the-loop  off-road  mobility  research.  One  result  of  this 
study  is  the  establishment  of  design  specifications  for  two  motion 
simulator  concepts  with  three  degrees  of  freedom  (roll,  pitch,  and 
throw).  One  concept  has  a  short  throw  (  *6  inches)  and  the  other 
a  long  throw  {  -24  inches).  The  feasibility  of  the  short-throw  con¬ 
cept  was  demonstrated  by  the  construction  and  testing  of  a  working 
model. 


INTRODUCTION 

In  developing  techniques  fer  analyzing  off¬ 
road  mobility  problems  related  to  driver-vehicle 
systems,  it  has  been  found  desirable  and  neces¬ 
sary  to  use  an  off-road  driving  simulation 
facility,  such  as  shown  in  Fig.  1.  to  conduct 
man-in-the-loop  human  factors  research. 

Because  of  the  unusual  characteristics  of  an  off¬ 
road  environment,  no  commercial  equipment  is 
available  to  meet  this  need.  Therefore,  a  study* 
was  initiated  consisting  of  two  parallel  programs, 
namely,  (1)  definition  and  development  of  a 
visual  simulator,  and  (2)  design  and  development 
of  a  motion  simulator.  This  paper  discusses 
the  progress  of  the  motion  simulator  program. 
This  program  consisted  of:  (1)  conceptual  design 
and  development  of  technical  specifications  of  a 
short-throw  (  -  6  inches)  motion  simulator;  (2) 
conceptual  design  and  development  of  technical 
specifications  of  a  long-throw  (  i  24  inches) 
motion  simulator;  and,  (3)  selection  of  a  concept 
and  fabrication  of  a  working  scale  model.  Both 
of  the  foregoing  concepts  provide  for  a  maximum 
roll  amplitude  of  i  30*  and  a  maximum  pitch 
amplitude  of  -  45*.  Each  of  the  concepts  is 
electro-hydraulically  powered  and  controlled. 

*  "Off-Road  Driving  Simulation:  Design  for  a 
Moving-Base  Simulator,1’  by  R.  C.  Sugarman, 

N.  M.  Isada,  and  E,  D.  Sussman,  CAL  No. 
VJ-2330-G-57,  Cornell  Aeronautical  Labora¬ 
tory,  Inc.,  Buffalo,  N.  Y,  1969. 


More  detailed  descriptions  of  the  two  motion 
simulator  concepts  and  the  results  of  tests  on 
the  small-scale  mode!  of  the  short-throw  con¬ 
cept  will  now  be  given. 

SHORT-THROW  DESIGN  DETAILS 

In  this  design,  the  crew  station  is  placed  on 
top  of  a  movable  platform,  as  shown  in  Fig.  2. 
The  platform  has  freedom  to  move  in  the  pitch 
and  roll  modes.  The  crew  station  moves  in  the 
throw  direction  relative  to  the  platform  in  order 
to  reduce  the  pavload.  In  this  concept,  one 
should  note  that  throw,  or  z— axis  motion,  is  perpen¬ 
dicular  to  the  platform  and  has  a  maximum 
amplitude  o!  i  6  inches. 

The  selection  of  the  motion  specifications 
were  dictated  by  human  tolerance  limits  and 
vehicle  motions.  Hydraulic  power  requirements 
and  specifications  for  the  mechanical  driving 
components  (cylinders)  were  determined  based 
on  the  motion  requirements.  The  results  of 
these  calculations  are  shown  in  Table  1.  It  may 
be  noted  that  the  motion  specifications  consist 
of  a  long-duration  sinusoidal  motion  and  a  tran¬ 
sient  (short-duration)  motion  such  as  caused  by 
a  bump,  boulder,  or  chuck  hole.  These  two 
motions  are  assumed  to  peak  at  the  same  time, 
hence,  are  added  to  yield  the  total  motion.  Note 
further  that  the  total  design  weight  is  2,  000  lbs. 

(1 , 000  lbs.  for  the  crew  station  and  1 , 000  lbs. 
for  the  platform).  This  design  weight  will  require 
a  hydraulic  flow  rate  of  150  gpm  (gallons  per 
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Figure  1  ADVANCED  OFF-ROAD  DRIVING  SIMULATOR.  CONCEPTUAL  SKETCH  FOR  A  MOVING- 
BASE  SIMULATOR  WITH  PROGRAMED  (1)  AND  UNPROGRIMMED  (2)  VISUAL 
DISPLAY  CAPABILITIES 


Figure  2  "SHORT- THROW"  MOTION  SIMULATOR. 

CONCEPTUAL  SKETCH  OF  MECHANICAL  COMPONENTS. 
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Table  I 

NOTION  SPECIFICATIONS,  HYDRAULIC  POWER  REQUIREMENTS,  AND 
MECHANICAL  SPECIFICATIONS  FOR  A  "SHORT  THROW"  (*6  IN.) 

MOTION  SIMULATOR 


PARAMETERS 

SLOW 

SINUSOIDAL 

MOTION 

TRANSIENT 

MOTION 

TOTAL 

1.  BOUNCE  (WEIGHT  =  1000  lbs) 

MAXIMUM  DISPLACEMENT,  ft 

MAXIMUM  VELOCITY,  ft/sec 

MAXIMUM  ACCELERATION,  g's 

FREQUENCY,  Hz 

SUPPLY  PRESSURE,  psi 

NET  PRESSURE,  psi 

NET  AREA,  sq.  in. 

FLOW  RATE,  gp* 

CYLINDER  STROKE,  ft 

*0.5 

3.2 

0.6 

1.0 

5.2 

6.0 

+0.5 

8.6 

6.6 

3,000 

2,000 

2.3 

60.2 

1.0 

2.  PITCH  (WEIGHT  =  2000  lbs, 

LENGTH  =  8  ft,  INERTIA  =  332  lb-ft-sec2) 

MAXIMUM  DISPLACEMENT,  deg 

+65 

*65 

MAXIMUM  VELOCITY,  deg/sec 

161 

100 

261 

MAXIMUM  ACCELERATION,  deg/sec2 

663 

1,200 

1,663 

FREQUENCY,  Hz 

0.5 

SUPPLY  PRESSURE,  psi 

3,000 

NET  PRESSURE,  psi 

2,000 

TORQUE  ARM,  ft 

1.0 

CYLINDER  NET  AREA,  sq.  in. 

6.76 

FLOW  RATE,  gpm 

62.5 

CYLINDER  STROKE,  ft 

2.0 

3.  ROLL  (WEIGHT  =  2000  lbs, 

LENGTH  =  5  ft,  INERTIA  =  130  lb-ft-sec2) 

MAXIMUM  DISPLACEMENT,  deg 

*30 

*30 

MAXIMUM  VELOCITY,  deg/sec 

92 

100 

192 

MAXIMUM  ACCELERATION,  deg/sec2 

300 

1,800 

2,100 

FREQUENCY,  Hz 

0.5 

SUPPLY  PRESSURE,  psi 

3,000 

NET  PRESSURE,  psi 

2,000 

TORQUE  ARM,  ft 

1.0 

CYLINDER  NET  AREA,  sq.  in. 

2.38 

FLOW  RATE,  gpm 

25.0 

CYLINDER  STROKE,  It 

2.0 
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minute)  at  a  supply  pressure  of  3000  psi. 

The  following  description  refers  to  Fig.  2. 
The  motion  platform  is  driven  in  roll  by  a  single 
cylinder  and  in  pitch  by  a  single  cylinder.  Two 
bounce  cylinders  are  connected  to  the  pitch-ro’.L 
frame  to  drive  the  floating  crew  station  in  the 
*  direction.  The  pitch  beam  is  supported  by  two 
bearings,  two  bearing  blocks  and  a  support 
structure.  It  should  be  noted  that  the  bounce 
guides  and  bounce  cylinder  supports  are  made 
as  low  as  possible  so  as  to  lower  the  center  of 
mass  of  the  system.  This  will  provide  better 
stability  than  has  been  achieved  in  a  working 
scale  model  of  this  design,  which  tended  to  be 
top  heavy. 

The  p:tch-roll  frame  is  designed  to  be  made 
of  six- inch  aluminum  box  sections  with  overall 
dimensions  of  42'-  x  66".  The  two  pitch  bearings 
and  the  two  roll  bearings  are  each  three  inches 
in  diameter. 

LONG- THROW  DESIGN  DETAILS 

The  design  for  the  long-throw  platform 
was  pursued  in  order  to  determine  if  we  could 
simulate  the  motions  of  the  center  of  gravity  of 
a  vehicle  going  over  a  large  bump,  as  well  as 
the  bounce  introduced  by  the  suspension  system. 
It  is  unlikely  that  the  throw  of  the  short-throw 
design  could  be  extended  beyond  i  9  inches. 

The  design  in  Fig.  3  provides  a  bounce  amplitude 
of  ^  2.  0  feet  at  0*  pitch  and  -1.0  feet  at 
t  45*  pitch. 

As  compared  to  the  long-throw  design,  the 
short-throw  bounce  movements  are  better  suited 
to  simulating  the  suspension  system,  since  the 
motion  is  always  perpendicular  to  the  floor  of 
the  crew  station.  The  throw  motions  of  the 
long-throw  design  are  always  in  the  direction  of 
the  true  vertical  and  have  a  lower  frequency 
response. 

The  mechanical  concepts  employed  here 
were  to:  (1)  drive  a  platform  differentially  by 
means  of  two  hydraulic  cylinders  to  provide 
vertical  (bounce)  and  pitch  motions  simultane¬ 
ously,  and  (2)  use  a  rotary  hydraulic  actuator 
to  drive  a  frame  in  the  roll  mode.  In  this  design 
the  crew  station  would  be  attached  directly  to 
the  roll  frame.  Table  2  licts  the  design  spec¬ 
ifications  for  the  long-throw  simulator. 

As  previously  mentioned,  the  linear  z-axis 
motion  is  always  vertical  in  this  design,  whereas 
the  analogous  motion  in  the  short-throw  concept 
Is  always  perpendicular  to  the  roll-pitch  frame. 
Other  differences  between  the  long-throw  and 
short-throw  designs  are  as  follows: 

1.  For  the  long-throw  design,  the  maxi¬ 
mum  throw  varies  with  the  pitch; 
i.  e. ,  at  0*  pitch  the  maximum  throw 
is  two  feet,  while  at  45a  pitch,  the 
throw  is  restricted  to  one  foot.  Max¬ 
imum  throw  is  independent  of  roll  and 
pitch  in  the  short-throw  design. 


2.  Because  twine  the  mass  (2,000  lbs.) 
must  be  moved  in  the  bounce  mode  fo- 
the  loug-throw  design,  the  flow  rate 
for  this  mode  is  increased  to  120.  7 
gpm,  as  compared  to  60.  2  gpm  for  the 
ehori-throw  design  in  which  the  mass 
was  only  1, 000  lbs. 

?.  The  cylinder  stroke  is  four  feet  for 
the  long-throw  design,  demanding 
more  stringent  structural  requirements. 

4.  The  iong-throw  design  uses  a  rotary 
acutator  for  the  roll  mode. 

The  following  descriptions  refer  to  Fig.  3. 
Two  cylinders  are  used  to  drive  the  pitch-bounce 
frame  differentially  to  achieve  pitch  and  bounce 
movements.  The  pitch-bounce  platform  is  made 
stable  by  a  center  support  structure  and  a  mov¬ 
able  (but  unpowered)  guide.  A  rotary  actuator 
mounted  on  top  of  the  pitch-bounce  platform 
drives  the  roll  frame  which  is  constructed  of 
eight-inch  aluminum  pipe  or  box.  The  rotary 
actuator  is  attached  to  the  roll  frame  by  means 
of  a  2-1/4  in.  steel  shaft  supported  by  four 
pillow  block  bearings. 

CONCEPT  CHOICE  AND  WORKING  SCALE 
MODEL 

After  comparing  the  two  motion  platform 
alternatives,  the  short-throw  design  was 
selected  as  the  primary  candidate  for  the  motion 
platform.  This  selection  was  made  for  two 
reasons.  First,  the  power  requirements  and 
structural  demands  are  more  severe  for  the 
long-throw  design  than  they  are  for  the  short- 
throw.  Second,  what  little  evidence  is  available 
indicates  that  the  lower  amplitude,  higher 
frequencies  of  the  short-throw  design  are  more 
efficacious  in  combination  with  pitch,  roll,  and 
visual  cues  in  achieving  a  satisfactory  vehicle 
"ride"  simulation. 

A  one-third  scale  model  of  the  selected 
design  was  constructed  with  the  following 
objectives: 

1.  to  determine  the  feasibility  of  the 
design  concept; 

2.  to  identify  additional  factors  that  must 
be  considered  in  the  full-scale 
version;  and, 

3.  to  experiment  with  safety  concepts. 

The  successful  operation  of  the  model, 
with  and  withoat  a  human  rider,  supports  the 
choice  of  the  design  concepts  in  this  program. 
Preliminary  studies  with  a  motion  picture 
camera  mounted  in  the  driver's  position  lends 
further  support  to  the  efficacy  of  the  design. 

The  initial  calculations  for  the  model  were 
based  on  a  somewhat  simplified  design  concept 
in  order  to  make  the  equations  of  motion  more 
manageable.  It  was  anticipated,  therefore, 
that  certain  factors  requiring  design  modifica¬ 
tions  would  not  become  apparent  until  the  working 
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Table  2 

SPECIFICATIONS  AND  POKER  REQUIREMENTS  FOR  A 
•LONG  THROW"  (+2*  IN,)  MOTION  SIMULATOR 


PARAMETERS 

SLOW 

SINUSOIDAL 

NOTION 

TOTAL 

1.  BOUNCE  (HEIGHT  =  1,200  lbs,. 

1 

ACCESSORIES  =  BOO  lbs) 

I 

MAXIWM  DISPLACEMENT,  ft 

-2.0 

MAXIMUM  VELOCITY,  ft/sec 

3.2 

5.2 

m 

MAXIMUM  ACCELERATION,  g*s 

0.6 

3.0 

eh 

FREQUENCY,  Hz 

0.25 

MAXIMUM  FORCE,  1b 

(TWO  CYLINDERS) 

9,200 

SUPPLY  PRESSURE,  psi 

3,000 

NET  PRESSURE,  psi 

2,000 

NET  CYLINDER  AREA,  sq.  in. 

(TWO  CYLINDERS) 

6.60 

FLOW  RATE,  gpa 

120.7 

CYLINDER  STROKE,  ft 

6.0 

2.  PITCH  (WEIGHT  =  1,200  lbs. 

LENGTH  =  8  ft,  INERTIA  =  200  1b-ft-sncZ) 

MAXIMUM  DISPLACEMENT,  deg 

—  65 

MAXIMUM  VELOCITY,  deg/sec 

161 

too 

26 

MAXIMUM  ACCELERATION,  deg/sec2 

663 

1,200 

1,663 

FREQUENCY,  Hz 

0.5 

MAXIMUM  TORQUE,  lb/ft 

5,720 

TORQUE  ARM.  ft 

1.0 

MAXIMUM  FORCE,  lb 

(TWO  CYLINDERS) 

5,720 

SUPPLY  PRESSURE,  psi 

3,000 

NET  PRESSURE,  psi 

2,000 

CYLINDER  NET  AREA,  sq.  in. 

(TWO  CYLINDERS) 

2.66 

FLOW  RATE,  gpa 

75.0 

CYLINDER  STROKE,  ft 

6.0 

3.  ROLL  (WEIGHT  =  1,200  lbs. 

LENGTH  =  5  ft,  INERTIA  =  78  Ib-ft-sec2) 

MAXIMUM  DISPLACEMENT,  deg 

±30 

+30 

MAXIMUM  VELOCITY,  deg/sec 

92 

100 

192 

MAXIMUM  ACCELERATION,  deg/sec2 

300 

1,600 

2,100 

FREQUENCY,  Hz 

0.5 

MAXIMUM  TORQUE,  lb/ft 

3,000 

SUPPLY  PRESSURE,  psi 

3,000 

NET  PRESSURE 

2,000 

TORQUE  FACTOR,  in.3/rad 

26.9 

FLOW  RATE,  gpa 

21.7 

model  was  stud-ed.  One  such  factor,  top  heav¬ 
iness  in  the  model  when  the  hydraulic  power  was 
oft.  indicated  that  changes  in  the  full-scale 
design  were  required  to  lower  the  center  of  mass 
of  the  simulator.  These  changes  can  be  effected 
by  lowering  the  crew  station,  through  the  use  of 
stepped  floor  frame,  lower  guides,  and  lower 
cylinder  supports  and  brackets.  A  second  facto? 
requiring  design  modificatioc,  as  determined 
from  studying  the  model,  was  shaft  stress.  The 
stresses  ;n  the  model  shafts  were  greater  than 
those  calculated  from  the  simplified  equations 
of  motion.  In  light  of  this  experience  with  die 
model,  larger  shafts  have  been  recommended. 

Springs  were  added  to  the  mechanical  stODt 
of  the  model  in  order  to  cushion  the  shock  of 
sudden  failure  of  the  electrical  control.  One 
set  of  springs  was  installed  for  each  of  the 
three  modes  of  motion.  An  over-travel  limit 
switch  for  each  mode,  similar  to  the  ones  used 
in  electo-dynamic  shakers,  is  deemed  necessary 
in  a  full-scale  version  on  the  basis  of  experience 
with  the  model. 

Although  the  scale  model  motion  platform 
was  not  built  to  meet  the  specifications  for  the 


dynamics  of  the  lull-scale  design,  the  model 
could  be  upgraded  with  some  simple  modifica¬ 
tions  for  sate  use  by  humans.  A  useful  tool 
would  then  be  available  to  carry  out  the  pre¬ 
viously  mentioned  studies  which  would  define 
the  vision-motion  cue  combinations  required 
for  realistic  simulation.  It  is  not  until  such 
studies  are  carried  out  that  simulator  design 
can  become  systematic. 

CONCLUSIONS 

Because  of  the  successful  tests  made  on  die 
one-third  scale  model  of  the  short-throw  motion 
simulator  concept,  it  can  be  concluded  that  a 
full-scale  version  when  constructed  would  have 
a  high  probability  of  succesa.  However,  it  is 
not  recommended  that  a  full-scale  version  of 
the  long-throw  concept  be  built  until  a  small- 
scale  version  is  fabricated  and  tested. 
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AN  AERIAL  CABLE  TEST  FACILITY 
USING  ROCKET  POWER* 


C.  G.  Coalson 
Sandia  Laboratories 
Albuquerque,  New  Mexico 


Sandia  Laboratories,  Albuquerque,  New  Mexico  has  recently 
developed  an  Aerial  Cable  Test  Facility  which  is  being  used 
to  duplicate  many  types  of  air  drops.  The  two  basic  com¬ 
ponents  of  the  facility  are:  an  aerial  cable  stretched  between 
two  mountain  peaks,  and  a  rocket  powered  sled  track  on  the 
valley  floor.  A  test  vehicle,  attached  to  a  carriage  on  the 
aerial  cable,  is  cut  loose  and  accelerated  downward  via  two 
wire  rope  towlines  (affixed  to  the  test  vehicle)  which  pass 
through  two  underground  wire  rope  tunnels  and  hence  to  the 
rocket  sled.  Impact  velocities  approaching  1000  ft/sec 
(with  200  lb  test  vehicle)  can  be  achieved.  The  test  facility 
is  in  a  remote  area  and  tests  involving  large  quantities  of 
high  explosives  can  be  conducted  in  complete  safety. _ 


Sandia  Laboratories  has  recently  de¬ 
veloped  an  Aerial  Cable  Test  Facility  using  a 
novel — and  perhaps  heretofore  never  used-- 
applicatton  of  r-  '■'it  power.  Rockets  are  used 
to  pull  a  test  vehicle  (via  two  wire  rope  towing 
lines)  into  its  target  with  Impact  velocities 
approaching  1000  ft/sec.  Typically  this  system 
duplicates  an  air  drop.  The  wire  rope  towing 
lines  can  be  separated  from  the  test  vehicle  at 
a  suitable  time  or  position  above  the  target 
leaving  the  test  vehicle  free  of  extraneous 
hardware  when  it  strikes  target.  A  pictorial 
description  of  the  Test  Facility  is  presented 
in  Figure  1. 

The  aerial  cable  incorporates  suitable 
apparatus  for  hoisting,  translating,  and  posi¬ 
tioning  the  test  vehicle  for  the  desired  flight 
trajectory  and  velocity.  Test  vehicles  are 
accelerated  in  the  25g  to  4Gg  range  via  the 
towing  lines  attached  to  the  rocket  sled  assem¬ 
bly.  Target  media  typically  have  been  con¬ 
crete,  dirt,  or  water.  The  test  facility  is 
in  a  remote  mountain/canyon  area  and  tests 
involving  large  amounts  of  explosives  can  be 
conducted  in  complete  safety. 

♦This  work  was  supported  by  the  United  States 
Atomic  Energy  Commission, 


Test  vehicles  can  be  delivered  to  within 
inches  of  a  pre-selected  target.  With  such 
accuracy  it  is  now  possible,  with  standard 
photometries  instrumentation,  to  record  with 
unsurpassed  clarity  and  great  detail  the  im¬ 
pact  and/or  detonation  of  the  teil  vehicle  on 
target.  An  overhead  camera  station  (on  a 
separate  aerial  cable)  provides  an  aerial  view 
of  impact/ detonation  events  that  is  really 
superb.  In  addition  to  photometries  instru¬ 
mentation  the  target  zone  can  be  instrumented 
with  impact  sensors,  pressure  transducers, 
etc. 

One  of  the  greatest  difficulties  associat¬ 
ed  with  air  drops  perhaps  has  been  the  diffi¬ 
culty  of  delivering  the  test  vehicle  sufficiently 
close  to  the  instrumented  target  zone  and  con¬ 
sequently  data  acquisition  has  been  somewhat 
difficult  and  costly.  Tests  conducted  at  the 
Aerial  Cable  can  in  many  applications  almost 
duplicate--rather  than  simulate--an  air  drop 
and  do  so  at  about  one-tenth  the  cost  while 
data  acquisition  can  be  assured. 

The  foregoing  has  been  a  brief  and 
simple  description  of  the  Cable  Facility.  The 
objective  of  this  paper  is  not  to  delve  into 
details  of  the  facility  but  more  importantly 


to  illustrate  the  capability,  potential,  and  gen-  Presented  In  Figure  2  is  a  Velocity  vs 

erat  mode  of  operation.  It  is  believed  the  Weight  performance  curve  and  shown  in 

Engineering  Community- -knowing  the  basic  Table  I  are  basic  specifications  of  the  Aerial 

physical  and  operating  parameters  of  the  Cable  Facility  as  currently  applicable. 

facility- -can  determine  if  the  facility  could 

meet  their  testing  requirements  even  though 

such  testing  might  be  a  significant  departure 

from  the  'standard*  pulldown  test  described 

herein. 


! 
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TRACK  (663') 


Fig.  1  -  Basic  test  arrangement 
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Fig.  2  -  Impact  velocity  vs  weight  of  test  vehicle 


TABLE  I 

Basic  Specifications  of  Aerial  Cable  Facility 


Main  span,  unsupported  length .  5,  000  ft 

Main  span,  wire  size,  dia . 1-3/8  in. 

Maximum  height  above  test  pad .  600  ft 

Maximum  live  load  supported  at  600  ft  height . . .  3,  000  lb 

Maximum  live  load  supported  at  300  ft  height .  12,  000  lb 

Maximum  live  load  supported  at  100  ft  height .  20,  000  lb 

Elevation  of  test  pad .  6,  350  ft 

Elevation  of  east  support .  7,  400  ft 

Elevation  of  west  support .  7,  000  ft 

Rocket  sled  track,  length .  663  ft 

Track,  twin  rail,  std.  railway . 115  lb /yd 

Track  gauge  (center-to-center) . 26-5/16  in. 

Track,  grade,  from  horizontal  .  . . +10  deg. 


DISCUSSION 


Mr.  Schell  (Shock  and  Vibration  Information 
Center);  Is  the  bomb  free  at  the  impact  point,  or  are 
the  towing  lines  still  attached? 


Mr,  Coal  son:  We  can  do  either.  We  can  sever 
the  wire  rope  just  prior  to  impact  or  if  the  wire 


ropes  are  still  attached— and  that  is  no  detriment— 
we  leave  them  on  because  it  simplifies  the  setup.  In 
that  case  as  the  bomb  approaches  the  nozzles  the 
wire  ropes  begin  to  make  a  divergent  spread  and 
then  they  are  cut  right  outside  the  nozzles,  just  by 
the  sharp  bend  that  they  have  to  make.  So  that  is  a 
satisfactory  means  of  severing  the  wire  rope. 
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